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For reason of relative simplicity of the problem, much 
of the research on water movement in soils has been confined 
to uniform soils. Because of the fact that soil profiles as 
they occur in nature are seldom homogeneous, successful ex­
tension of the results obtained with uniform soils is not 
always possible. Since a natural soil profile is the ultimate 
object of the application of most every soil water movement 
investigation, it is highly important and desirable that more 
attention be given to cases of layered soils in the study of 
soil water movement. Water movement in a layered soil profile 
is considered in this study. 
In many countries in Southeast Asia, such as, Thailand, 
Malaysia, the Philippines, etc., the soil on which rice, the 
staple crop, is grown is usually deep, uniform alluvial soil. 
The method of land preparation in rice culture, however, dis­
turbs the uniformity of the soil profile in that the soil at 
the surface is completely puddled at least in the plow layer. 
A layer of much higher resistance to the passage of water than 
the layer immediately below is thus created. Another situa­
tion similar to that in the rice field is observed in many 
reservoirs in arid areas where the soil is usually sandy. To 
minimize seepage losses of water from the reservoir, clay 
blanketing of the soil surface is commonly practiced so that 
a situation analogous to that in the rice field is created. 
It is this type of soil layering that comprises the main sub­
ject of the investigation reported in this dissertation. 
During the growing season of rice, the soil surface is 
kept flooded with water. Flooding is usually started when the 
soil profile is essentially dry so that the flooding water will 
move vertically downward into the profile. The downward move­
ment of water will continue so long as the resultant water 
moving force remains in the downward direction such as in the 
case where a water table is maintained at a fixed depth within 
the soil profile. Because the soil at the surface is much less 
permeable to water than the soil at lower depths, the downward 
movement of water will be restricted by the surface layer. 
Thus, it is possible that the water movement through the sur­
face layer may not be fast enough to bring the soil at lower 
depths to saturation even though flooding is maintained at the 
surface of the soil-profile. The rate with which water moves 
through the profile may not be important as far as water sup­
ply for the rice plant is concerned, but leaching of available 
nutrient elements away from the root zone accompanying the 
downward movement of water can be extensive. On the other 
hand, since the primary purpose of most reservoirs is to con­
serve water, seepage loss of water as such should be minimized. 
The degree of saturation of the soil within the root zone 
is known to affect plant growth both directly and indirectly. 
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As rice is one of the special crops that can tolerate standing 
water or swampy conditions for its growth, excessive wetness 
of the soil at the surface is usually not directly detrimental. 
The moisture condition at lower depths, on the other hand, may 
affect the activities of the root through its effects on mi­
crobial activities, chemical and biochemical reactions, and 
other processes that occur in the soil. 
A two-layered flow medium patterned after the situation 
in the rice field can be used for a different purpose. If 
water unsaturation exists within the profile during the flow, 
both the flow rate and the water pressure profile can be used 
to obtain unsaturated hydraulic conductivity of the soil as a 
function of water pressure or water content at low water pres­
sures. Values of unsaturated hydraulic conductivity at low 
water pressures are commonly needed in water infiltration work 
but are usually difficult to determine with the use of cur­
rently available methods. 
In an attempt to gain some basic information concerning 
steady vertically downward flow of water through columns of 
two-layered soil in which the upper layer has a much smaller 
saturated hydraulic conductivity than the lower layer, this 
investigation was conducted with the following specific ob­
jectives: 
(l) To obtain information concerning the effects of 
depth of ponding head, thickness and kind of upper 
layer soil, thickness and kind of lower layer 
soil, magnitude of outflow water pressure, and 
process of attaining the steady flow on flow 
rate and water pressure profile during the flow. 
To develop a method for calculating unsaturated 
hydraulic conductivity of soils at low water 
pressures. 
To obtain relationships between unsaturated hy­
draulic conductivity and water content in a range 
of low negative water both during sorption and 
during desorption. 
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REVIEW OF LITERATURE 
The Law of Water Flow in Soils 
The first mathematical description of the flow of water 
through porous media was empirically formulated in 1856 by a 
French sanitation engineer by the name of Darcy. In his ex­
periments with saturated sand beds, Darcy observed the follow* 
ing relationship 
a  -  u ' l u )  
where Q is the volume of water flowing through the vertical 
sand bed of cross-sectional area A and thickness L in time t; 
h^ and hg are respectively the water pressure heads at the 
inflow and outflow ends of the sand bed, and k is a propor­
tionality factor presently called hydraulic conductivity of 
the porous medium concerned. 
Equation (1) was later given the name Darcy*s law and 
has subsequently been generalized. The most generalized form 
is usually written in vector notation as 
^ = -k grad H (2a) 
where ^  is the flow velocity and H the so-called hydraulic 
head. The minus sign is introduced in equation (2a) to ac­
count for the fact that water flows in the direction of de­
creasing hydraulic head. In three-dimensional Cartesian 
ô 
coordinates, equation (2a) becomes 
^ = (V,, Vy, v^) = (-k* g, - "y I7» - If) (2b) 
where subscripts are used with the hydraulic conductivity to 
indicate that the conductivity in the direction of one co­
ordinate may not be the same as that in the direction of the 
other coordinate. 
The term with which the hydraulic conductivity is multi­
plied to give the flow rate in Darcy's law is known as hydrau­
lic gradient. It is interpreted as being the driving force 
causing water to flow as the electrical potential gradient 
is the driving force in the flow of electricity. When mul­
tiplied by the density of the flow liquid and the acceleration 
due to gravity, the hydraulic gradient becomes the total po­
tential gradient. As Childs and Collis-George (1948) pointed 
out, the total potential consists of at least four components, 
namely, gravitational potential, hydrostatic pressure poten­
tial, osmotic pressure potential, and adhesion potential be­
tween water molecules and surfaces of soil particles. The 
last three components are difficult to measure separately, and 
in most cases the last two components either are essentially 
the same throughout the flow system or have negligible contri­
bution to the total driving force. As a consequence, the 
term "capillary potential" or "water pressure potential" is 
used to designate the last three components. 
7 
The hydraulic conductivity is related to properties of 
the porous medium conducting the flow and those of the flow 
liquid by the relation k = k' where k' is the so-called 
intrinsic permeability which is characteristic of the porous 
medium alone and independent of the flow liquid; p and t] are 
density and viscocity, respectively, of the flow liquid; and 
g is the acceleration due to gravity. 
By considering the hydraulic gradient to be the sum of 
the water pressure head and gravitational head gradients and 
taking the vertical distance to increase positively downward, 
the differential form of Darcy's law for vertical one-dimen-
sional flow is obtained from equation (2b) as 
V = -k(^  - 1) {2c) 
where h is water pressure head and ordinary derivative is 
used since the flow takes place in one dimension. 
Although Darcy's law was formulated on the basis of the 
results of steady flow of incompressible liquid in stable, 
homogeneous, isotropic and saturated porous medium, several 
extensions of the law to other situations have been made since 
the time of its discovery. Boussinesq (1904) extended the law 
to non-homogeneous media and Muskat (1946) considered the case 
of compressible flow liquids. Irmay (1951) and Schneebeli 
(1953), on the other hand, treated the case of non-isotropic 
media. 
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Richards (1931) applied Darcy's law to flow of water in 
unsaturated soils. The proportionality factor and soil water 
content were considered to be single-valued functions of the 
soil water pressure. With the aid of these two assumptions, 
Richards used Darcy's law in the equation of continuity to 
obtain a second order partial differential equation in soil 
water pressure for transient water flow in unsaturated soils. 
For unsaturated soils, the term capillary conductivity is 
commonly used for the proportionality factor in Darcy's law. 
Whether or not the soil is saturated, the proportionality fac­
tor represents the readiness with which the soil conducts 
water. The writer prefers to call the proportionality factor 
unsaturated hydraulic conductivity when the flow medium is 
unsaturated during the flow and saturated hydraulic conduc­
tivity when the flow medium is saturated. 
Childs and Collis-George (1950) made an application of 
the principle of continuity to water flow in unsaturated soils 
as did Richards except that they introduced water content into 
the continuity equation. By using water content gradient in­
stead of water pressure gradient in Darcy's law, a diffusion-
type equation was obtained. The equation in one dimension is 
If = (3) 
where 6 is volumetric water content and D is the so-called 
soil water diffusivity which is the product of unsaturated 
Q 
hydraulic conductivity and the rate of change of water pres­
sure with respect to volumetric water content at the water 
content in question. Equation (3) will be referred to as the 
Darcy-continuity equation. 
Childs and Collis-George (1954) found, in their unsatu­
rated flow experiments with sands of grain size larger than 
0.25 mm, that each steady flow rate was proportional to the 
corresponding hydraulic gradient and that the proportionality 
factor was independent of hydraulic gradient so long as water 
content of the porous medium in question was not affected. On 
the basis of these findings, it was concluded that Darcy's law 
was valid for steady flow of water in unsaturated soils. 
Equation (3) was used by Youngs (1957) to calculate water 
content distributions during infiltration of water into ver­
tical columns of glass beads and slate dust. The agreement 
between the calculated and experimentally obtained water con­
tent distributions was taken by Youngs to be a supporting 
evidence of the validity of the Darcy-continuity equation. 
While Darcy's law has been widely and successfully used 
to describe water flow in soils, several investigators have 
obtained evidences questioning its validity. For steady flow, 
the evidence most often reported is that the ratio of the flow 
rate to the hydraulic gradient increases, instead of remaining 
constant, with increase in hydraulic gradient. 
In their experiment with about 1-cm thick clay layers, 
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Lutz and Kemper (1959) found that the intrinsic permeability 
of the clay as calculated from Darcy's law increased with in­
crease in pressure gradient employed in the determination when 
the clay was sodium-saturated, but remained practically un­
changed when the clay was calcium-saturated. It was postu­
lated that a water structure exists around the clay parti­
cles and that the structure is disrupted by the increased 
shearing force accompanying the increase in the water-moving 
force. The diffuse layer of cations %iid the water structure 
were said to extend to distances greater than the radius of 
the pores between the sodium-saturated clay particles. In 
the case of calcium-saturated clay, the diffuse layer and the 
water structure were restricted to short distances from the 
surface of the particle. The effect of the increased water-
moving force in disrupting the water structure is thus greater 
in sodium-saturated clay. 
Miller and Low (1963) concluded from the results that 
they obtained with water-saturated Na- and Li-clays that there 
existed a non-zero hydraulic gradient, which they called 
threshold gradient, below which no water flow occurred in 
clays. The threshold gradient was found to decrease with 
decreasing clay concentration and increasing temperature. 
The flow rate-hydraulic gradient relationship was linear only 
at hydraulic gradients larger than the threshold value and 
only in flow systems of high clay concentration. The 
11 
relationship was curvilinear in systems of low clay concen­
tration. The existence of a threshold gradient was looked 
upon by Miller and Low as resulting from the regidity of the 
water in a clay-water system presumably induced by the sur­
faces of the clay particles. The results that the threshold 
gradient decreased with increasing temperature and/or de­
creasing clay concentration were used to substantiate this 
view. The deviations from linearity of the flow rate-hy-
draulic gradient relationships observed were given three 
explanations, i.e., (1) as the hydraulic gradient Increases, 
the force of the water causes a reversible orientation of the 
clay particles along the streamlines, resulting in a less 
tortuous path, (2) a range of pore size exists in the clay 
system and as hydraulic gradient increases, the threshold is 
exceeded in successively smaller pores, and (3) structural 
breakdown of the water under stress begins near the center of 
the flow channel, where the water is farthest removed from the 
surface of the clay particles, and as the hydraulic gradient 
increases the structural breakdown progresses towards the 
surface of the clay particles. 
Experimental evidences questioning the validity of Darcy's 
law in describing steady flow of water in unsaturated soils 
were reported by Hadas (1964). Two soils, one containing 63 
per cent clay and the other containing 20 per cent clay and 
treated with VAMA at a concentration of 0.1 per cent, were 
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used and soil water pressure was maintained at four different 
levels, namely» -10, -20, -30, and -46 cm of water. The re­
lationships between the steady flow rate and the hydraulic 
gradient were found to be curvilinear in all cases; the de­
viation from linearity became greater as the soil water pres­
sure became more negative. The deviation from Darcy's law 
was explained by the change in density and viscocity of the 
flowing water in the presence of electrically-charged clay 
particles. In a clay-water system, the fluidity of the water 
tends to decrease as the surface of the clay particles is ap­
proached. Under very small hydraulic gradients only water 
with high fluidity can move easily. As the hydraulic gradient 
increases, the water of low fluidity which is adjacent to the 
surface of the clay particles will also move resulting in an 
increasing proportion of flow rate to hydraulic gradient with 
increasing hydraulic gradient. When all but the bound water 
is flowing, increase in hydraulic gradient will not affect the 
proportionality factor so that the flow rate-hydraulic gradient 
curve approaches a straight line asymptotically. 
Swartzendruber (1962a) proposed a modification of Darcy*s 
law to account for the behavior of the flow rate-hydraulic 
conductivity relationship discussed above by considering water 
flow in porous media to be of the non-Newtonian type. The 
proposed modification was later refined for saturated porous 
media (Swartzendruber, 1962b) and extended to unsaturated soils 
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(Swartzendruber, 1963). The final equation in one dimension 
is 
V = B[i - J(1 - e"^^)] (4) 
where v is the flow rate, i is the hydraulic gradient, e is 
the base of natural logarithm, and 6, J and C are positive 
constants or functions of water content according as the por­
ous medium is saturated or unsaturated. 
It is noted in equation (4) that when either J or C is 
equal to zero, equation (4) becomes identical with Darcy's 
law with the coefficient B being the hydraulic conductivity. 
It is also noted in equation (4) that as the hydraulic gradi­
ent becomes large, the flow equation approaches a straight 
line which is in agreement with the experimental observations 
of Lutz and Kemper, Miller and Low, and of Hadas discussed 
earlier. 
Steady Flow of Water Through Layered Soils 
Perhaps Day and Luthin (1953) were the first to report 
laboratory investigations concerning steady vertically down­
ward flow of water through two-layered soils in which both 
saturation and unsaturation were present in the soil column 
during the flow. The thickness of upper layer soil that Day 
and Luthin used was 6 inches and that of lower layer soil was 
7 inches. A constant positive head was maintained at the 
upper end of the soil column and water was allowed to advance 
downward to wet the column and to drip out of the lower end at 
atmospheric pressure. Pressure distributions in the column 
during steady flow were determined with the use of tensiometers. 
In the case in which the upper layer soil had a smaller satu­
rated hydraulic conductivity than the lower layer soil, nega­
tive pressures were observed within the column during steady 
flow. When ponding head was 2.2 cm deep, pressure decreased 
progressively and almost linearly from a positive value at the 
inflow end to a negative value at the interface as depth in­
creased. Below the interface pressure increased linearly with 
depth to atmospheric pressure at the outflow end. Although 
similar trends of pressure distribution were obtained when 
depth of ponding head was increased to 63.2 cm, negative pres­
sures occurred only in the lower layer at this depth of pond­
ing head. Maximum slope of the linear pressure versus depth 
curve in the lower layer was less than unity when the same 
dimensions were used with both pressure and depth. Successive 
interchanges between 2.2 cm and 63.2 cm of ponding head caused 
flow rate and average hydraulic conductivity of the whole soil 
column to decrease progressively. The resulting changes in 
average hydraulic conductivity, however, were small and in­
dependent of the direction of pressure change. Water content 
data showed that none of the soil columns became fully satu­
rated even in the case in which positive pressures were 
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observed throughout the column. Air that was trapped during 
the entry of water into the column was suspected to have re­
mained throughout the period of the experiment to prevent 
complete saturation. No consistent trends of water content 
distribution with depth were observed except that the upper 
two inches usually showed a higher water content than lower 
depths. Day and Luthin concluded that the pressure distri­
butions observed agreed with theoretical inferences drawn from 
Darcy's law in that (1) pressure varied linearly with depth 
through a layer of uniform hydraulic conductivity, (2) as 
depth increased, pressure decreased in the less permeable 
layer, where hydraulic conductivity was smaller than flow 
rate, and increased in the accompanying more permeable layer, 
where hydraulic conductivity was larger than flow rate, and 
(3) negative pressures could occur when the upper layer was 
less permeable than the lower layer. 
A two-layered flow system having a layer of smaller 
saturated hydraulic conductivity overlying a layer of larger 
saturated hydraulic conductivity was theoretically analyzed 
by Takagi {I960), In the analysis positive pressures were 
assumed to be maintained at both ends of the vertical soil 
column and water unsaturation conceived of being present 
within the column separating the saturation zones at the two 
ends. Darcy's law was used to obtain a water pressure pro­
file during steady vertically downward flow of water through 
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the column. Unsaturated hydraulic conductivity of each 
layer was assumed to be a single-valued function of water 
pressure but no specific form of the function was assumed. 
The following conclusions may be drawn from Takagi's analysis 
(1) The steady flow rate is larger than saturated 
hydraulic conductivity of upper layer soil but 
smaller than that of lower layer soil. 
(2) The decreasing trend of water pressure as depth 
increases in the upper layer cannot extend beyond 
the interface of the two layers. 
(3) If outflow water pressure is larger than zero, 
the distance from the outflow end to the level at 
which zero pressure occurs in the lower layer is 
larger than the outflow water pressure when the 
same unit is used for both distance and pressure. 
(4) If a zone of constant negative water pressure 
exists, it must begin at the interface of the two 
- layers and can extend only in the downward direc­
tion. 
The analysis of Takagi cannot adequately explain the 
existence of the constant negative water pressure zone. The 
integral whose value must be known in order to determine the 
length of the constant negative water pressure zone is an 
improper integral which will converge only if a certain re­
lationship between unsaturated hydraulic conductivity and 
17 
water pressure holds. A search of literature indicates to 
the writer that the relationship proposed by Takagi has not 
been known to hold for soils. Moreover, even if the proposed 
unsaturated hydraulic conductivity function does hold, the 
analysis cannot be used to quantitatively predict pressure 
profile for a given flow system if a constant negative water 
pressure zone is present. This is due to the fact that both 
flow rate and interface water pressure have to be known in 
order to obtain a theoretical pressure profile from hydrau­
lic conductivity data. When a constant negative water pres­
sure zone is included in the analysis, there is no way to 
determine flow rate without a knowledge of interface water 
pressure and vice versa. 
Kisch (1959) considered the flow medium to consist of 
clay in the upper layer and of sand in the lower layer. With 
zero pressure imagined to be maintained at the lower end of 
the sand layer, theoretical pressure profiles during steady 
vertically downward flow for several depths of ponding head 
and several thickness combinations were calculated from the 
unsaturated hydraulic conductivity data obtained by Moore 
(1939) and Richards (1952). Darcy's law was used in the cal­
culations and graphical integrations were employed in treat­
ing unsaturated zones. Although the integral determining 
thickness of the constant negative pressure zone was, in the 
discussion, implied to be an improper integral, no method for 
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handling the integral in the calculations was presented. 
Some of the conclusions reached by Kisch on the basis of the 
calculated profiles were (1) flow rate markedly increased 
with increase in depth of ponding head but was practically 
not affected by thickness and unsaturated characteristics of 
the sand in the lower layer, (2) unsaturation occurring in 
the lower part of the clay layer was unlikely to exceed 10 
per cent of the layer's thickness, (3) thickness of the sand 
layer had negligible effect on pressure distribution in the 
clay layer, (4) entrapped air with pressure larger than zero 
caused positive shift of pressure at the depth at which the 
entrapped air was present, and (5) effect of swelling of the 
clay could be included in the calculations if the relation­
ship between saturated hydraulic conductivity and the degree 
of swelling of the clay was known. 
Another theoretical analysis of steady vertically down­
ward flow was presented by Zaslavsky (1964a). The flow medium 
considered was similar to that employed by Kisch in that a 
constant positive head of water and zero pressure were re­
spectively maintained at the upper and lower ends of a ver­
tical column of two-layered soil having a layer of smaller 
saturated hydraulic conductivity overlying a layer of larger 
saturated hydraulic conductivity. In the analysis, the steady 
flow rate was assumed to be proportional to the hydraulic 
gradient without accounting for the fact that water flow 
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takes place in the direction of decreasing hydraulic head. The 
use of such an equation helped avoid having to deal with an 
improper integral in determining the existence of a constant 
negative pressure zone in the lower layer soil during the 
flow. Criteria for transition from totally saturated flow to 
partly saturated and partly unsaturated flow and vice versa 
were presented. One of the criteria for transition from com­
plete saturation to coexistence of saturation and unsaturation 
in the soil column is presented in detail and expanded in the 
section on theoretical analysis of this dissertation. The 
analysis of Zaslavsky also included the case of gradual varia­
tion of saturated hydraulic conductivity with respect to 
depth in the flow medium. In addition, Zaslavsky also studied 
water flow in slanted two-layer soil column. The results ob­
tained with vertical column of two distinct soil layers with­
in which unsaturation was assumed to be present were similar 
to those obtained by Takagi, The argument for the existence 
of a constant negative pressure zone as given by Zaslavsky 
proceeded as follows; In the presence of unsaturation, there 
is a point, say A, in the lower layer at which pressure is 
negative. Since both above and below A there are points at 
which pressure is larger than at A, there must be a certain 
point within the lower layer where the slope of pressure with 
respect to height above the base of the column is equal to 
zero. Starting from this point, pressure increases in the 
QO 
downward direction because a larger pressure is maintained at 
the column base. To maintain steady flow, pressure cannot 
increase in the upward direction from the point of zero slope. 
Thus, pressure must either remain unchanged or decrease in the 
zone between the point of zero slope and the interface. The 
argument clearly implies not only continuity of pressure as a 
function of height above the column base but also continuity 
of the slope of the pressure curve as a function of the height. 
Since at the interface the slope is very likely to be discon­
tinuous, it is not certain whether the argument is entirely 
valid. 
Zaslavsky (1964b) reported experimental data to support 
his theoretical analysis. Two-layered sand columns were used 
in the experiment. Thicknesses of the upper and lower layers 
were 2.5 and 81.5 cm, respectively. Theoretically, the satu­
rated hydraulic conductivity of the lower layer sand was 22.1 
times that of the upper layer sand. The observed depth of 
ponding head at transition from saturated to unsaturated flow 
was reported to agree with the theoretical value. For three 
unspecified depths of ponding head, below the transition depth 
of ponding head, constant negative pressure zones were ob­
served in the lower layer from 10 to 50 cm below the inter­
face; between the interface and the height at which the con­
stant negative pressure zone began, pressure increased with 
height above the column base. A method for calculating 
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thickness of the unsaturated zone in which pressure varied 
with height above the column base was presented and for each 
of the two layers the thickness was claimed to be very small. 
Flow rate increased linearly when depth of ponding head was 
increased progressively from about 25 to 40 cm and curvi-
linearly for the increase from zero to 25 cm. Good agree­
ments between theoretical and calculated flow rates were ob­
tained for each depth of ponding head. 
Behnke and Bianchi (1965) reported pressure distribu­
tions in two-layered sand or glass-bead columns during tran­
sient and steady flows. In all of the experiments reported, 
the upper layer was 30 cm thick and the lower layer 60 cm 
thick. Two grain sizes were used in each column and the lower 
layer always contained the smaller grain size. Each column 
was packed by pouring small increments of the porous material 
into distilled water in the soil cylinder and then tapping 
gently along the cylinder sides. The soil column was, there­
fore, completely saturated at the beginning of the experiment. 
At the upper end of the column four levels of ponding head 
ranging from 11 to 34 cm of water were applied while at the 
outflow end zero pressure was maintained in all cases during 
vertically downward flow. In the steady flow experiment, 
volume flux of water was found to increase linearly with in­
crease in depth of ponding head; the rate of increase became 
greater when grain sizes in both layers were larger. When 
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the columns were drained and then rerun at the same depths 
of ponding head, flow rates became smaller but the linear 
relationship between volume flux and depth of ponding head 
remained unchanged. The reductions in volume flux were at­
tributed to decreases in hydraulic conductivity in the pre­
sence of entrapped air as a result of draining. Pressure 
distributions both before and after draining showed similar 
trends. Each pressure distribution curve consisted of three 
nearly straight-line segments. Near the upper surface of the 
column, pressures were positive and decreased to a minimum, 
negative value near the interface as depth increased. Be­
neath the interface, pressures were negative and essentially 
constant through a depth of about 20 cm and then increased 
with depth to atmospheric pressure at the outflow end. En­
trapped air resulting from drainage caused a positive shift in 
the pressure distribution curve above the interface and a 
negative shift below the interface. Positive shift of pres­
sure occurred throughout the column with increasing depth of 
ponding head except at the outflow end where zero pressure 
was maintained in all cases. For a given depth of ponding 
head, positive shift of pressure also occurred when grain 
size of the material in each of the two layers became larger. 
No measurable discontinuity of pressure was observed at the 
interface. Calculated hydraulic conductivity for the whole 
upper layer for each depth of ponding head showed 31 to 36 
per cent reduction when the flow was resumed following drain­
age. 
Laboratory Methods for Determining Unsaturated 
Hydraulic Conductivity 
Richards (1931) developed a steady flow method for un­
saturated hydraulic conductivity determinations. The method 
involved enclosing a thin layer of soil in between two cer­
amic porous plates and maintaining a small gradient of neg­
ative pressure across the soil layer during steady flow. 
Tensiometers were used to measure the soil water pressure at 
each end of the soil layer. The unsaturated hydraulic con­
ductivity was obtained from Darcy's law with the gravity com­
ponent of the hydraulic head being neglected. The hydraulic 
conductivity so-calculated was associated with the arithmetic 
mean of the negative pressures at the two ends of the soil 
layer. The apparatus was later modified by Richards and 
Moore (195^) to allow use of pressure instead of vacuum con­
trol. Similar apparatus with fritted glass-bead plates in 
place of ceramic plates was also used by Nielsen and Biggar 
(1961). This method is obviously limited to the negative 
pressure range for which tensiometers can be used. Another 
limitation is that the calculated hydraulic conductivity can­
not be assigned to a specific water pressure or water content 
since both water pressure and water content gradients 
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presumably exist throughout the soil layer during the flow. 
Moreover, a separate determination is necessary for each 
water pressure. 
Richards and Wilson (1936) and Wilson and Richards 
(1938) used data obtained with steady flow of water through 
horizontal column of soil in calculating unsaturated hydrau­
lic conductivity. Porous cells were provided at the two ends 
of the horizontal column. A pressure gradient was maintained 
across the column by maintaining different negative pressures 
at the two ends of the column to allow the flow to take place, 
Darcy's law was used to calculate the unsaturated hydraulic 
condictivity from the steady flow rate and pressure gradient. 
It was not clear how the water pressure associated with each 
calculated hydraulic conductivity was chosen. For the soils 
studied, none of the semi-log curves of unsaturated hydraulic 
conductivity versus water pressure was a straight line. This 
method cannot be used to investigate several water pressures 
simultaneously unless several columns are used at the same 
time. In addition, the calculated hydraulic conductivity 
cannot be associated with a particular water content or 
water pressure. 
Moore (1939) made use of a pressure profile during steady 
upward flow of water through a vertical column of uniform soil 
in determining the unsaturated hydraulic conductivity of the 
soil at a given height above the base of the column. Steady 
vertically upward flow was attained by maintaining a water 
table at the base of the soil column and at the same time 
providing a constant evaporative condition at the upper end 
of the column. Tensiometers were installed at 10-cm intervals 
throughout the column to obtain a pressure profile during the 
steady flow. A constant head burette was used as a water sup­
ply source to enable measurement of flow rate. The steady 
flow rate and the slope of the pressure profile at a given 
height above the base of the column were used in Darcy's law 
to obtain the unsaturated hydraulic conductivity of the soil 
at the height in question. Since water pressure at any height 
was known from the pressure profile, the unsaturated hydraulic 
conductivity as a function of water pressure was readily de­
termined. The water content profile was also measured gravi-
metrically at the end of each steady flow run so that unsatu­
rated hydraulic conductivity as a function of water content 
was also readily obtainable. The unsaturated hydraulic con­
ductivity data that Moore reported show abrupt decreases be­
tween pressures of -10 to -40 and -40 to -140 cm of water 
depending on kind of soil. Below a pressure of -140 cm of 
water the conductivity values are all very small and decrease 
very gradually as water pressure continues to decrease. Sim­
ilar to Richards' method, the method of Moore is limited to 
the negative pressure range in which a tensiometer can be used 
(0 to -800 cm of water). Another limitation is that each 
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calculated hydraulic conductivity cannot be associated with 
a particular water content of the soil since a range of water 
content exists in the soil sample used in gravimetric water 
content determination. 
Three methods were used by Christensen (1940) in his 
investigation of three Iowa soils. According to his nomen­
clature, the three methods are cylinder method, column method, 
and auto-irrigator method. The cylinder method is essentially 
the same as that of Richards and the column method is similar 
to that of Moore. In the auto-irrigator method, the soil 
sample was placed in the annular ring between the two porous 
walled concentric cylinders of an auto-irrigator pot and small 
pressure gradient was maintained radially across the soil sam­
ple to allow steady flow to take place. Soil water pressures 
at the inner and outer edges of the soil sample were measured 
with tensiometers. Darcy's law in cylindrical coordinates was 
used to calculate the hydraulic conductivity from the steady 
flow rate and the pressure gradient. The results that Christen­
sen obtained with three Iowa soils indicate that the hydraulic 
conductivity is maximum at or near zero pressure and decreases 
sharply with decrease in pressure to a more or less constant 
value at pressure of about -30 cm of water. At a given water 
pressure, desorption unsaturated hydraulic conductivity is 
always larger than sorption unsaturated hydraulic conductiv­
ity; the difference appears to be larger than can be accounted 
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for by hysteresis in the moisture characteristic curves. 
Logarithm of desorption unsaturated hydraulic conductivity 
is a linear function of water pressure up to a pressure of 
-300 cm of water only. The auto-irrigator method of Christen-
sen is the same in principle as Richards' method and the same 
limitations apply. 
Childs and Collis-George (1950) observed that when a 
water table was maintained at the base of a vertical column 
of uniform soil during steady downward flow, soil water con­
tent was constant over a considerable portion of the column 
provided the flow rate was smaller than the saturated hydrau­
lic conductivity of the soil. The soil in the constant water 
content zone is thus unsaturated and the unsaturated hydraulic 
conductivity corresponding to the water pressure in the con­
stant water content zone is equal to the steady flow rate. 
The unsaturated hydraulic conductivity associated with a new 
water pressure can be obtained by adjusting the rate of water 
entry into the soil column. A separate determination is, 
therefore, needed for each water pressure. 
A transient flow method was presented by Richards and 
Weeks (1953). The method involves an evaluation of the total 
amount of water present in a horizontal soil column beyond a 
given location at a given time from the corresponding water 
pressure distribution during transient flow. A knowledge of 
water content as a function of soil water pressure is needed 
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in the evaluation and Richards and Weeks inferred this from 
the moisture characteristic curves. The rate of change of 
the total amount of water so-evaluated represents the volume 
flux of water through the cross section of the column at the 
location and time in question. The slope of the water pres­
sure profile at the location and time in question is used 
together with the volume flux in Darcy's law to obtain the 
unsaturated hydraulic conductivity of the soil at the water 
pressure of the location in question. The success of this 
method depends on the choice of the analytical relationship 
between water content and water pressure. Although this can 
be inferred from moisture characteristic curves, there is no 
quarantee that the result of the inference will be the same as 
what actually is present in the experimental soil column. 
Staple and Lehane (1954) calculated unsaturated hydrau­
lic conductivity from changes in water content profiles with 
time following addition of water at the upper surface of a 
vertical column of uniform soil. The amount of water that 
had moved through a given depth in the soil column during a 
given time interval was estimated from the area between the 
initial and final water content profiles above the depth in 
question, Water content gradient at the depth in question 
was converted to pressure gradient by using a moisture char­
acteristic curve. The mean hydraulic conductivity at the 
depth in question during the chosen time interval was then 
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calculated from the amount of water and the pressure gradient 
so-estimated with the use of Darcy's law. Staple and Lehane 
found that the calculated hydraulic conductivity increased 
rapidly with increase in water content and increased with in­
crease in bulk density, particularly at high water contents. 
The method is clearly an approximate method since the quan­
tities used in the calculation are estimated means over ranges 
of values. 
A method for calculating unsaturated hydraulic conduc­
tivity from pressure plate outflow data was proposed by Gardner 
(1956). Since pressure plate outflow is a case of transient 
flow problem, the Darcy-continuity equation was used as the 
starting point. Assumptions were made that for a small pres­
sure increment causing the outflow soil water content is a 
linear function of water pressure, that hydraulic conductivity 
is constant during the outflow, and that membrane impedance 
is negligible. The equation was then solved with appropriate 
boundary and initial conditions to give an expression of 
water content as a function of time and position in the soil 
slab. The solution was then used to determine the outflow-
yet-to-come (difference between total outflow and cumulative 
outflow at a given time) as a function of time. The unsatu­
rated hydraulic conductivity was determined from the slope of 
the semi-log plot of outflow-yet-to-come against time and the 
result associated with the average of the initial and final 
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water pressures for the outflow process in question. The 
validity of the assumptions used by Gardner is questionable. 
At high water contents deviations from linearity of water 
content-pressure relationship are usually large for most 
soils. At low water contents large pressure increments are 
necessary to produce measurable outflow and hence the validity 
of constant hydraulic conductivity is doubtful. Moreover, 
membrane and contact impedances are usually not negligible 
and an extremely long time is usually required for true 
equilibrium with applied pressure or suction to be attained. 
A method similar in data collection procedure to that 
of Moore was used by Stockinger (1957) in his study of some 
Iowa soils. The soil cylinders that Stockinger used were 
smaller than those used by Moore and tensiometers were in­
serted in the side instead of into the soil column in an 
attempt to avoid interference with the flow. A regression 
technique was employed in obtaining the water pressure as a 
function of height above the base of the soil column whereas 
in the method of Moore eye-fitting was used. The resulting 
regression equation was differentiated analytically instead 
of graphically with respect to height above the column's base 
to obtain water pressure gradient needed in the calculation 
of the hydraulic conductivity» Stockinger found that wide 
variations of hydraulic conductivity at a given water pres­
sure existed among the different replicates of the same soil 
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although the trends of the hydraulic conductivity as a function 
of water pressure were similar. The conductivity values at 
a pressure of approximately -30 cm of water were less than one 
per cent of the corresponding saturated conductivity values. 
The conductivity-water pressure curves approached zero asymp­
totically as pressure decreased beyond -30 cm of water for all 
soils investigated. Curvilinear relationships were obtained 
when hydraulic conductivity values were plotted against water 
pressure on a simi-log scale. The success of the method obvi­
ously depends on the appropriate choice of the regression 
equation. 
Nielsen (1958) used a pressure cell similar to that com­
monly used in the determination of moisture characteristic 
curves. Instead of fritted plate, a thin layer of 28-p glass 
beads was used to support the soil sample, A tensiometer was 
inserted in each of the two ends of the sample and a differ­
ential manometer was connected to the two tensiometers to 
measure hydraulic head difference across the sample. Water 
was introduced at the bottom of the cell at a constant neg­
ative pressure. Upward water movement was initiated and 
allowed to continue by continuously passing dry air through 
a plastic chamber attached to the upper end of the sample. 
Flow rate was regulated by regulating the rate of air pas­
sage. Unsaturated hydraulic conductivity was calculated from 
the measured steady flow rate and hydraulic head gradient 
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with the use of Darcy's law. How the water pressure assigned 
to each calculated hydraulic conductivity was determined was 
not explained. Presumably it was the average of the water 
pressures at the two ends of the soil sample. The method is 
obviously limited to one hydraulic conductivity value per 
run unless several samples are run simulatneously. 
Miller and Elrick (1958) presented an extension of the 
pressure-plate outflow method proposed by Gardner to include 
cases in which membrane or plate impedance had to be taken 
into account. In accounting for membrane impedance. Miller 
and Elrick assumed that the relation between water pressure 
and water content applicable to soil could be used in chang­
ing variables for pressure drop across the membrane $ even 
though the membrane was saturated. The assumptions that soil 
water content is a linear function of water pressure and that 
hydraulic conductivity is constant over the applied pressure 
increment that were used by Gardner were also used in the 
analysis of Miller and Elrick, In the presence of membrane 
impedance, the Fourier-series solution obtained by Gardner 
became anharmonic. With an appropriate choice of a set of 
reduced variables, it was found that all possible transients 
could be described by a single-parameter family of almost 
identical curves. Theoretical ratios of outflow-yet-to-come 
to total outflow were plotted against reduced time on a log-
log paper for each arbitrary membrane impedance factor. 
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Experimental data were each similarly plotted except that 
actual instead of reduced time was used. The experimental 
curve was then matched with the theoretical curves until the 
one that gave best matching was found. The time on the ex­
perimental curve that coincided with the reduced time of 
unity on the selected theoretical curve was read off while 
the two curves were in the best-matching position and used 
to determine the parameter needed in the calculation of un­
saturated hydraulic conductivity. Membrane impedance had to 
be known in order to obtain appropriate value of the param­
eter. As pointed out by Miller and Elrick the major limita­
tion of the method resides in the uncertainty of the inde­
pendently determined membrane impedance. Poor contact be­
tween the soil and the membrane can give rise to contact 
impedance which cannot be accounted for. Membrane impedance 
could also change with time during the flow as a result of 
microbial activity and other factors. In addition, the 
doubtfulness of the validity of the assumptions of linear 
water content-pressure relationship and of constant hydraulic 
conductivity pointed out in the discussion of Gardner's method 
also holds in this method. 
Another refinement of Gardner's pressure-plate outflow 
method aimed at taking into account membrane and contact im­
pedances without independent measurement of the impedances 
was proposed by Rijtema (1959), The value of the impedance 
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factor was calculated from the intercept of the experimental 
semi-log plot of the ratio of outflow-yet-to-come to total 
outflow against time. The appropriate theoretical semi-log 
curve was then selected once the impedance factor was known. 
Since the scale of the time axis of the theoretical curve has 
hydraulic conductivity incorporated in it while the corres­
ponding scale of the experimental curve does not have, the 
hydraulic conductivity is obtained by comparing the slopes 
of the two curves. Although improved accounting for impedances 
has been achieved in Rijtema's method, the validity of the 
assumptions concerning water content and hydraulic conduc­
tivity have not been improved. 
Butijn and Wesseling (1959) used a slightly different 
approach in calculating unsaturated hydraulic conductivity 
from pressure-plate outflow data. The flow equation was solved 
to give a solution from which outflow was derived as a func­
tion of time. The function so-derived was differentiated with 
respect to time to obtain instantaneous flow rate as a func­
tion of time and the result used in calculating unsaturated 
hydraulic conductivity. The method was also extended to 
cases of non-negligible membrane impedance but independent 
measurement of the impedance is required in order to use the 
method. Butijn and Wesseling claimed that their method was 
superior to other methods at high moisture contents. Results 
obtained with undisturbed samples of two soils were presented. 
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For a given pressure step, extreme variability in the cal­
culated conductivity was observed among replicates of the 
same soil. Hundred-fold differences were not at all uncom­
mon « For both soils, sharp decreases in hydraulic con­
ductivity accompanied water pressure decrease below -50 cm 
of water. The limitations of this method are similar to 
those pointed out in other pressure-plate outflow methods. 
Kunze and Kirkham (1962) proposed a different way of 
accounting for membrane impedance without having to determine 
the impedance independantly. Data for the first 10 to 15 
per cent of total outflow for each pressure increment were 
utilized in an attempt to minimize errors that could result 
from the assumption of constant hydraulic conductivity which 
Kunze and Kirkham did not consider as valid. For each ar­
bitrary value of the ratio of impedance of membrane to that 
of soil, a theoretical curve (called "over-lay") showing 
relationship between outflow ratio and scaled time was plotted 
on a log-log paper in which the scale on the outflow ratio 
axis decreased with increase in distance from the origin. 
Theoretical curves showing relationship between outflow ratio 
and impedence factor were also plotted on the same paper* 
Soil moisture diffusivity and impedance factor were used in 
obtaining the scaled time. Experimental data were plotted in 
a similar manner as the over-lays with actual elapsed time 
being used in place of scaled time. By matching the experi-
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mental curve with theoretical curves, the impedance factor 
and the time on the experimental curve that coincided with 
the scaled time of unity of the theoretical time axis were 
read off and used in the calculation of hydraulic conductiv­
ity. In curve matching, only translations in the direction 
parallel with the time axis were allowed and attention was 
given to the portion of the curve that represented early 
stages of the outflow in achieving good matching. The two 
semi-log curves of hydraulic conductivity versus water con­
tent that Kunze and Kirkham presented were both curvilinear. 
Gardner (1962) proposed a method for separation of 
variables in diffusion-type equation describing transient 
water flow through unsaturated soil. Water content which is 
a function of position in the flow medium and of time was 
assumed to be a product of a function of position alone and 
that of time alone. This assumption was also used with soil 
water diffusivity. The variables in the original differential 
equation were then separated. With an additional assumption 
that the diffusivity function is approximately independent of 
position in the flow medium, the differential equation was 
manipulated to give an expression of soil water diffusivity 
as a function of instantaneous water content, final water 
content, instantaneous rate of change of water content with 
respect to time and thickness of the soil sample. If a cor­
responding soil moisture characteristic curve is available, 
unsaturated hydraulic conductivity can be calculated from 
the diffusivity. The method is generally known as "one-
step" method and was tested by Doering (1965). For the five 
soils that Doering used, the "one-step* method gave results 
that were comparable with those obtained with other methods. 
Although this method is useful in determining diffusivity and 
hence unsaturated hydraulic conductivity as a function of 
water content in one equilibration with a given applied pres­
sure, difficulty arises in expressing either diffusivity or 
hydraulic conductivity as a function of water pressure since 
soil water pressure during an application of a given pressure 
increment cannot be instantaneously determined. Thus, the 
water pressure with which each diffusivity value or each hy­
draulic conductivity value corresponds has to be inferred 
from moisture characteristic curves. 
A constant-flux method for hydraulic conductivity and 
diffusivity measurements was proposed by Gardner and Miklich 
(1962). The method consisted of providing a constant evap­
orative condition over one end of a horizontal soil column of 
uniform initial water content. The flow equation was solved 
to give a solution in terms of water pressure as a function 
of position in the soil sample and time. For sufficiently 
long time the exponential term in the solution can be dropped 
leaving an equation that can be used to calculate the hydrau­
lic conductivity from the steady flow rate, the difference in 
38 
water pressure between two points in the sample and the dis­
tance between the two points. Since water pressure gradient 
is not constant throughout the soil sample during the flow, 
it is necessary that the constant flow rate be sufficiently 
small so that pressure variation over the column will be small 
the conductivity will accordingly be essentially constant 
throughout the length of the sample. Calculated hydraulic 
conductivity and diffusivity data for five soils covering 
water pressure range from zero to approximately -0.6 atm were 
presented. Sharp decreases in hydraulic conductivity from 
zero to -0.3 atm of water pressure were observed; the rate of 
decrease became much smaller when pressure was decreased be­
yond -0.3 atm. All of the semi-log plots of hydraulic con­
ductivity against water pressure were curvilinear in shape. 
JacksonJ Van Bavel and Reginato (1963) examined the 
pressure-plate outflow method for calculating unsaturated 
hydraulic conductivity on the basis of reproducibility of the 
results of their experiment. Sand highly uniform in particle 
size and free of fine particles that could cause swelling or 
shrinkage was used and extreme care was observed in every 
step of outflow data collection. Each of the available cal­
culation procedures was used to obtain hydraulic conductivity 
and diffusivity values for a given pressure increment. The 
measurements were done in several replicates and the corres­
ponding results compared. It was found that extreme varia-
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bility in the calculated hydraulic conductivity and dif-
fusivity values existed both among repeated runs on the same 
sample and among samples. It was concluded that the assump­
tion of constant hydraulic conductivity and hence diffusivity 
was an important limitation of the method and that when mem­
brane impedance was not negligible, the available methods of 
accounting for the impedance did not always give rise to de­
sirable matching of experimental and theoretical curves. 
Values of hydraulic conductivity and diffusivity were found 
to be uncertain by an order of magnitude. 
Youngs (1964) proposed an infiltration method for measur­
ing unsaturated hydraulic conductivity of soil based on the 
observation that when the upper surface of a vertical column 
of soil, initially of uniform water content, is maintained at 
a given negative pressure, the pressure gradient at the soil 
surface approaches zero and the moisture profile moves down­
ward, under gravity, at a constant velocity with a constant 
shape after a long time. A value of the unsaturated hydraulic 
conductivity of the soil, at the negative water pressure main­
tained at the surface can, therefore, be obtained from the 
asymptotic slope of the curve of infiltration rate versus time. 
Youngs employed two methods for maintaining negative pressure 
at the inflow end of the vertical soil column. Fritted plate 
was used in one method while in the other method air pressure 
larger than atmospheric pressure was applied at the lower end 
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of the column while maintaining positive ponding head at the 
inflow end. In the presence of ponding head, no air could 
escape from the column. The air pressure inside the soil 
then built up to the pressure of the applied air and the 
column was said to wet as if a negative pressure numerically 
equal to the applied air pressure were maintained at the in­
flow end. The method was found to be extremely successful 
with slate dust but not with "ballotini," For slate dust, a 
desorption hydraulic conductivity value, at a given water 
content, was found to be smaller than the corresponding 
sorption value. The relationship between logarithm of hy­
draulic conductivity and water content was not linear. Sim­
ilar to the method of Childs and Collis-George, only one 
water content or one water pressure can be investigated in 
each determination using this method. 
Brooks and Corey (1964) and Anat, Duke, and Corey (1965) 
used short vertical columns of uniform soil in determining 
unsaturated hydraulic conductivity. A fritted plate was pro­
vided at each of the two ends of the vertical column so that 
a desired negative pressure could be imposed on the boundary. 
The soil cylinder also had an annular tensiometer bulb im­
bedded in its inside wall and in contact with the soil near 
each of the two ends of the column. The boundary pressures 
were regulated until the two tensiometer bulbs registered the 
same negative pressure. This negative pressure was then 
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assumed to occur throughout the zone between the two tensio-
meter bulbs and the steady flow rate taken to be the unsatu­
rated hydraulic conductivity of the soil at the water pressure 
registered by the tensiometer bulbs. A separate measurement 
has to be made for each water pressure. The data reported by 
Anat> Duke, and Corey show that the conductivity remains at 
the value of saturation up to a pressure of about *10 cm of 
water and then decreases very abruptly to a value near to 
zero as pressure is further decreased. At a given pressure, 
the value of sorption conductivity is always smaller than 
desorption conductivity. 
Collis-George, Rosenthal, and Smiles (1965) examined the 
theory underlying the air-pressure infiltration method pro­
posed by Youngs and found the slope of the pressure profile 
at the inflow end of the vertical soil column to approach a 
non-zero finite value as infiltration time became large. 
Thus, the statement made by Youngs that the column must wet 
as if negative water pressure numerically equal to the ap­
plied air pressure were maintained at the inflow end would 
not be correct. In other words, the hydraulic conductivity 
obtained from the asymptotic slope of the curve relating 
cumulative infiltration with time will not correspond to the 
water pressure numerically equal to the applied air pressure. 
Since the water pressure in the constant negative pressure 
zone immediately behind the advancing wetting front could not 
be continuously measured by any of the available techniques, 
the water pressure with which the calculated hydraulic con­
ductivity corresponds has to be calculated, Collis-George, 
Rosenthal) and Smiles substantiated their theory by showing 
that the calculated water pressure to which each experimen­
tally determined hydraulic conductivity corresponded was in­
dependent of the depth of ponding head and the air pressure 
used in the determination and that the calculated water pres­
sure was numerically different from the applied air pressure. 
Stammers (1966) developed two steady-flow methods for 
determining unsaturated hydraulic conductivity of soils. In 
the first method, a transformation was used in the Darcy-
continuity equation for steady one-dimensional horizontal flow. 
The resulting differential equation was solved with appro­
priate boundary conditions to give an integral equation show­
ing the steady flow rate as a function of hydraulic conduc­
tivity, inflow pressure, and outflow pressure. By keeping 
the inflow pressure constant, the hydraulic conductivity at 
the outflow pressure was found to be numerically equal to the 
product of the thickness of the soil sample and the derivative 
of the flow rate with respect to the outflow pressure evalu­
ated at the given outflow pressure. In the second method, 
the differential form of Darcy's law for steady one-dimen-
sional horizontal flow was integrated with respect to distance 
along the flow direction. The hydraulic conductivity at the 
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outflow pressure was found to be a function of thickness 
of the soil sample, steady flow rate, pressure drop across 
the soil sample, and derivative of the ratio of the pressure 
drop and the flow rate with respect to outflow pressure. 
Stammers claimed that his methods were superior to other 
methods in that the calculated hydraulic conductivity could 
be associated with a particular value of water pressure or 
water content instead of with a mean integrated value over 
a finite pressure or water content interval. The semi-log 
curves of hydraulic conductivity versus water content pre­
sented appeared to approach straight lines only at low water 
contents. Neither of the two methods of Stammers can be 
used to obtain data for several water pressures simultaneously 
unless several soil samples are used simultaneously. 
A pressure-plate outflow method different from those 
described earlier was developed by Collis-Gecrge and Rosenthal 
(1966) in which membrane and contact impedances can be ac­
counted for without the necessity of curve matching. The 
Darcy-continuity equation was solved by considering the soil 
slab as being semi-infinite in thickness. The resulting so­
lution was utilized to obtain outflow as a function of total 
outflow, time, diffusivity, impedance factor, and thickness 
of the soil slab. For each arbitrary value of impedance fac­
tor, a theoretical curve of product of outflow ratio and 
slab's thickness versus square root of product of diffusivity 
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and time was plotted. For a selected product of outflow 
ratio and slab's thickness at early stages of the outflow, 
slopes of the theoretical curves so-obtained were plotted 
against impedance factor and also against square root of 
the product of diffusivity and time. Collis-George and 
Rosenthal claimed that it was through the use of these 
theoretical slope curves that curve matching had been 
eliminated in the process of accounting for membrane im­
pedances. Experimental total outflow for each pressure 
increment was adjusted by using the slope of the moisture 
characteristic curve at the initial water content in an 
attempt to improve the validity of the assumption of con­
stant diffusivity; experimental outflow ratios were calcu­
lated on the basis of the adjusted total outflow. It was 
not clear, however, how the slope of the moisture character­
istic curve was used in adjusting the total outflow. Products 
of experimental outflow ratio and slab's thickness were 
plotted against square root of time and slope of the re­
sulting curve at the selected product of outflow ratio and 
slab's thickness determined graphically. The theoretical 
slope curves were then used to obtain value of impedance 
factor and that of square root of product of diffusivity and 
time that corresponded with the graphically determined slope 
of the experimental curve. The square root of time axis of 
the experimental curve was then superimposed on the corres­
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ponding axis of the theoretical curve such that the experi­
mental square root of time at the selected product of outflow 
ratio and slab's thickness coincided with the value of square 
root of diffusivity and time obtained from the theoretical 
slope curve. The experimental square root of time that 
coincided with the value of unity on the corresponding axis 
of the theoretical curve was determined. The value of the 
diffusivity was then calculated as square of the reciprocal 
of the square root of time so-determined. The corresponding 
unsaturated hydraulic conductivity resulted when the dif­
fusivity was divided by the slope of the moisture character­
istic curve at the initial water content. 
THEORETICAL ANALYSIS 
In this section, steady vertically downward flow of 
water through a soil column will be theoretically analyzed. 
The purpose of the theoretical analysis is to obtain a qual­
itative picture of the water pressure head profile and flow 
rate when the soil column consists of two distinct layers of 
soil as used in the experiments to be described later. It 
is to be emphasized, however, that the primary purpose of the 
experiments to be described is not to test the results of the 
theoretical analysis numerically. Some of the results, due 
to their nature, are not even checked qualitatively with ex­
perimental data but are given for completeness. 
It should be pointed out also that the final results 
(those obtained for two-layer flow system) of the present 
analysis are not new. Similar results have been obtained by 
Takagi (1960) and Zaslavsky (1964a), It is the opinion of the 
writer, however, that, in order to understand clearly what is 
going on physically in a two-layer flow system, an approach 
different from those used by Takagi and Zaslavsky is desirable. 
The present analysis differs from those of Takagi and 
Zaslavsky primarily in that it will proceed from a simple 
flow system of homogeneous soil to a more complex system that 
consists of two distinct soil layers. In the case of homo­
geneous soil, separate treatments will first be given to soils 
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having entirely saturated flow and entirely unsaturated flow, 
and then the situation involving coexistence of saturation 
and unsaturation in the same flow system will be investigated. 
In the case of a two-layer soil, only the situation involving 
a layer of lower saturated hydraulic conductivity overlying a 
layer of higher saturated conductivity will be considered and 
the analysis will be based upon the results obtained with 
homogeneous soil. In all cases, a point in the upper surface 
of the soil column will be used asthe origin 0 of a one-
dimensional coordinate z, which will be taken to increase 
positively downward. 
Assumptions 
To establish a point of departure and to set rules in the 
analysis, the following will be assumed to hold: 
1, Darcy's law is valid for both saturated and un­
saturated flow of water through soil. 
2, Gradients in water pressure head and in gravita­
tional head are the only driving forces involved in the flow, 
3, Water pressure head is a continuous function of 
depth during the flow. 
4, Saturated hydraulic conductivity of a given soil is 
a constant. 
5, Unsaturated hydraulic conductivity of a given soil 
is a single-valued function of water pressure head and in­
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creases with the increase in water pressure head. 
6. Neither shrinkage nor swelling occurs in the soil 
during the flow. 
Although, with the exception of assumption 3, none of 
these assumptions are strictly valid for flow of water through 
soil) they have been found to give fairly satisfactory results 
by many researchers. Perhaps, the one that is least valid is 
assumption 5. The existence of hysteresis in water content-
pressure relationship in soil is well-known and it was shown 
by Davidson, Nielsen, and Biggar (1966) that even for a given 
moisture characteristic curve the number of pressure steps 
employed in going from one water pressure head to the other 
could cause differences in the final water content of the 
soil. It is the opinion of the writer, however, that these 
assumptions, though far from reality as some of them may be, 
can be of value if they are used with caution and with their 
weaknesses fully realized. 
Steady Vertically Downward Flow Through 
Homogeneous Soil 
The flow system to be considered in this subsection con­
sists of a homogeneous vertical column of soil of length L on 
the upper and lower ends of which are maintained water pres­
sure heads h^^ and hg, respectively. Water is assumed to flow 
vertically downward through the column at a steady rate v. 
49 
Saturated hydraulic conductivity of the soil will be desig­
nated as kg while unsaturated hydraulic conductivity will be 
designated as k(h) to indicate its dependence on water pres­
sure head h. Saturated and unsaturated flows will be treated 
separately. 
In both saturated and unsaturated flow, three distinct 
combinations of boundary water pressure heads are possible, 
i.e., (l) inflow and outflow water pressure heads are equal 
(hi = hg), (2) inflow water pressure head is larger than out­
flow water pressure head (h^ > hg), and (3) inflow water pres­
sure head is smaller than outflow water pressure head 
(hj^ < hg). The cases to be considered may be grouped as 
follows: 
Case I Saturated flow 
la, h^ = hg 
lb, h^ > hg 
Ic, h^ < hg 
Case II Unsaturated flow 
Ila, h^ = hg 
lib, h^ > hg 
lie, h^ < hg 
Case III Coexistence of saturation and unsaturation 
Ilia, h^ > hg 
Illb, hj^ < h^ 
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Case I: Saturated flow 
It is generally accepted that the upper limit of water 
pressure head below which unsaturation predominates in a given 
soil is not necessarily the atmospheric, or zero pressure. 
This is exemplified by common observation of the so-called 
capillary fringe above water table (see, for example, Childs, 
1957). The soil within the capillary fringe is known to be 
essentially saturated although the water within it is under 
negative pressure. Some interesting investigations concern­
ing capillary fringe were done by Swartzendruber (1954). 
It will be assumed that hg ^  0 is the water pressure 
head below which unsaturation occurs in the soil under con­
sideration. Hence, in a saturated column of soil, water 
pressure head at any given depth including those at inflow 
and outflow ends must not be smaller than h^. 
The water pressure head profile during steady vertically 
downward flow of water through a saturated homogeneous soil 
column may be obtained from the differential form of Darcy's 
law given in equation (2c). It is to be noted that, when the 
flow is steady, the flow rate v in equation (2c) is a constant 
and that, for saturated soil, the hydraulic conductivity k is 
equal to kg, which is also a constant. Thus, the variables h 
and z in equation (2c) may be separated as 
dh = (1 - r )dz (5a) 
*0 
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At the inflow end, h = h^ and z = 0 so that equation 
(5a) may be integrated to give 
h = h, + (1 - r )z, 0 < z L (5b) 
i KQ 
where h is the water pressure head at depth z in the depth 
interval given. 
If the conditions at the outflow end of the soil column, 
h = hg and z = L» are used in the integration of equation (5a), 
the result will be given by 
h = hg - (1 - - z), 0 ^  z ^  L (5c) 
Equations (5b) and (5c) are equivalent and, for a given 
soil column and a given set of inflow and outflow water pres­
sure heads, should give the same water pressure head profile. 
It is seen from equations (5b) and (5c) that the rate of 
change of water pressure head h with respect to depth z is 
equal to 1 - ^  . Since both v and kg are fixed, it is clear 
that the water pressure head changes at a constant rate as 
depth changes. Thus, when the soil is saturated, the water 
pressure head profile during the steady flow will be a 
straight line the slope of which is equal to 1 - r . 
*^0 
Case la: Inflow and outflow water pressure heads are 
equal (h^ = hg; figure 1) Since equation (5b) must hold 
for all depths, it must hold at the outflow end of the soil 
Figure 1. A schematic diagram of a saturated homogeneous 
soil column and a theoretical water pressure 
head profile during steady vertically downward 
flow when the inflow and outflow water pressure 
heads are equal 
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column. For the case at hand, it is seen that, at the out­
flow end, equation (5b) becomes 
hj^ = h^ + (l - ^  )L (6a) 
which simplifies to 
(1 - r )L = 0 (6b) 
*0 
Because L, the length of the soil column, is always 
larger than zero, equation (6b) will be satisfied only if 
V = kQ (7) 
Using equation (?) in equation (2c) results in 
^ = 0 (8) 
which indicates that water pressure head remains unchanged 
as depth increases. 
Thus, it is concluded, when inflow and outflow water 
pressure heads are the same during steady vertically down­
ward flow through a saturated soil column, that the water 
pressure head everywhere in the column is equal to the com­
mon water pressure head and that the flow rate is equal to 
the saturated hydraulic conductivity of the soil. 
Case lb: Inflow water pressure head larger than outflow 
water pressure head (h^ > h^; figure 2) As in case la, 
the condition at the outflow end is used in equation (5b) to 
Figure 2. A schematic diagram of a saturated homogeneous 
soil column and a theoretical water pressure 
head profile during steady vertically downward 
flow when the inflow water pressure head is 










give, after rearrangement of terms, 
h 
< 0 (9)  
0 
which implies that 
(10) 
Use of inequality (10) in equation (2c) yields 
(11 )  
indicating that the water pressure head always decreases as 
depth increases. 
It is concluded, therefore, that, when water pressure 
head at inflow end is larger than that at outflow end during 
steady vertically downward flow of water through a saturated 
soil column, water pressure head always decreases with a con­
stant rate as depth increases and that the flow rate is 
larger than the saturated hydraulic conductivity of the soil. 
Case Ic! Inflow water pressure head smaller than outflow 
water pressure head (h^ < h^; figure 3) Mfhen water pres­
sure head at the inflow end of the soil column is smaller than 
that at the outflow end, it is not always possible to have 
vertically downward flow. The condition under which verti­
cally downward flow will take place is that the hydraulic 
head at the inflow end is larger than that at the outflow 
end. Thus, the inflow and outflow water pressure heads must 
Figure 3. A schematic diagram of a saturated homogeneous 
soil column and a theoretical water pressure 
head profile during steady vertically downward 
flow when the inflow water pressure head is 




> hg - L (12) 
Assuming that the inequality (12) is satisfied, equation 
(5b) is again used at the outflow end. The result, after 
transposing, is 
w hg - h, 
1 - > 0 (13) 
so that 
V < kg (14) 
Use of inequality (14) in equation (2c) gives 
^ > 0 (15) 
which indicates that the water pressure head always increases 
as depth increases. 
Hence, it is concluded that, when inflow water pressure 
head is smaller that outflow water pressure head during steady 
vertically downward flow of water through a saturated soil 
column, the water pressure head always increases with a con­
stant rate as depth increases and that the flow rate is 
smaller than the saturated hydraulic conductivity of the soil. 
Case lit Unsaturated flow 
It will be assumed throughout the discussion under this 
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heading that unsaturation is present everywhere in the soil 
column so that water pressure heads at all depths, including 
those at the inflow and outflow ends, are smaller than hg. 
Since the soil is unsaturated, its hydraulic conductivity 
will no longer be a constant; instead, it will increase as 
water pressure head becomes less negative. Thus, to obtain 
an analytical expression of water pressure head in terras of 
depth, it is necessary that a functional relationship between 
unsaturated hydraulic conductivity and water pressure head be 
known. Otherwise, integration of equation (2c) cannot be 
carried out analytically. 
From equation (2c), it is seen that the water pressure 
head gradient dh/dz is given by 
where k(h) is used to indicate that the hydraulic conductivity 
k is a function of the water pressure head h. 
The variables h and z in equation (16a) may be separated 
to give 
kfhf^ = dz (16b) 
At the inflow end of the soil column, h = h^ and z = 0, 
so that equation (16b) may be integrated to give 
O i z i L  { 1 6 c )  
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where h is the water pressure head at depth z in the depth 
interval given. 
Similarly I at the outflow end of the soil column* h = hg 
and z = L; so that equation (16a) may be integrated to give 
j-hj 
J =  L  .  z , O i z i L  ( 1 6 d )  
Equations (l6c) and (I6d) are equivalent and, for a 
given soil column and a given set of inflow and outflow water 
pressure heads, should give the same water pressure head pro­
file. 
It is seen from equations (16c) and (l6d) that in order 
to obtain an analytical expression of the water pressure h in 
terms of depth z, a functional relationship between the hy­
draulic conductivity k and the water pressure head h has to 
be known. It is also seen that, because z is always larger 
than or equal to zero, the integral on the left hand side of 
equation (I6c) is always larger than or equal to zero. Thus, 
the water pressure head h at a given detph z below the inflow 
end of the soil column will be larger or smaller than the in­
flow water pressure head h^ according as v is smaller or 
larger than k(h). 
Since the function to be integrated in equations (16c) 
and (l6d) is generally not a constant for unsaturated flow, 
water pressure head and depth will not be linearly related. 
DJ 
The shape of the water pressure head profile can be quali­
tatively described if the direction of change of the slope 
of the profile as depth changes is known. To see this, 
equation (2c) is differentiated with respect to depth to 
give, noting that dv/dz = 0 and after rearrangement of 
terms, 
0 = rtW ai - 57) 
It is to be recalled from elementary calculus that, as 
depth increases, the water pressure head h will change more 
gradually if d h/dz is smaller than zero and more rapidly if 
2 2 d h/dz is larger than zero# In equation (17), it is noted 
that 1 - dh/dz is larger than zero for vertically downward 
flow and that k(h) is always larger than zero. Thus, the 
sign of d h/dz will depend on the sign of dk/dz. 
Since, for unsaturated soil, k increases as water pres­
sure head increases, dk/dz will be larger or smaller than 
zero according as water pressure head increases of decreases 
as depth increases. Hence, if the water pressure head de­
creases, this water pressure head will decrease with in­
creasing rate as depth increases. Similarly, if the water 
pressure head increases, this water pressure head will in­
crease with increasing rate as depth increases. If water 
pressure head is plotted as abscissa with scale increasing 
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negatively to the left and depth as ordiante with scale 
increasing positively downward, the water pressure head 
profile will be concaving to the left or to the right 
according as water pressure head decreases or increases 
as depth increases. 
g g 
Clearly, d h/dz will be equal to zero if the hydraulic 
conductivity k remains unchanged as depth changes, which 
means either that the slope of the water pressure head pro­
file is constant or that it is equal to zero at all depths. 
The case of constant non-zero slope is represented by satu­
rated flow in which the inflow and outflow water pressure 
heads are not equal while that of constant zero slope is 
represented by both saturated and unsaturated flow in which 
water pressure head is constant at all depths. 
Case Ilat Inflow and outflow water pressure heads are 
equal (hj^ = hg* figure 4) In this case, h = h^ and z = L 
at the outflow end of the soil column so that equation (16c) 
becomes 
which is an impossibility since the left hand side is always 
equal to zero for every integrable function k(h)/[k(h) - v] 
but the right hand side is always larger than zero. The 
1 
L (18a) 
Figure 4. A schematic diagram of an unsaturated homogeneous 
soil column and a theoretical water pressure head 
profile during steady vertically downward flow 
when the inflow and outflow water pressure heads 
are equal 
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situation can be reconciled if k(h); and hence the function 
to be integrated, is a constant. If this is so, equation 
(18a} will read, after transposing, 
=  J ' d h  =  0  ( 1 8 b )  
"l 
which implies that 
V = k(h) (19) 
Thus, from equation (2c), one finds 
^ = 0 (20) 
indicating that the water pressure head remains unchanged as 
depth increases. 
Hence, it is concluded that water pressure head every­
where in the soil column is equal to h^. Equation (19) then 
becomes 
V = k(hj^) (21) 
which means that the flow rate is equal to the unsaturated 
hydraulic conductivity of the soil at the constant water 
pressure head. 
Case lib: Inflow water pressure head larger than out­
flow water pressure head (hj^ > hgj figure 5) As stated 
earlier, the water pressure head h at a given depth z below 
Figure 5, A schematic diagram of an unsaturated homogeneous 
soil column and a theoretical water pressure head 
profile during steady vertically downward flow 
when the inflow water pressure head is less nega­
tive than the outflow water pressure head 
69 
r»ip 
WATER PRESSURE (h) 
h 111 
->• i 0 
M 
! 










the inflow end of the soil column will be larger or smaller 
than the inflow water pressure head hj^ according as the flow 
rate v is smaller or larger than the hydraulic conductivity 
k(h). Thus, the water pressure head will increase or de­
crease as depth increases according as v is smaller or larger 
than k(h). For the case at hand, it appears that water pres­
sure head would not increase as depth increases during steady 
vertically downward flow. That this is true is now shown. 
For contradiction, suppose that there were a depth z* < L, 
where the water pressure head is h* and is larger than h^, and 
hence larger than hg. Then, water pressure head profiles from 
the inflow end to the depth z* and from the depth z* to the 
outflow end are given, respectively, by 
h 





L - z, z* < z < L, h^ < h < h* (22b) 
h 
Thus, at z* where z = z*, we have 
h* 





1 ^  kThT^ = L . z* > 0 (23b) 
h* 
Since hg < h^ < h*j it is seen that inequality (23a) 
implied that v > k(h) while inequality (23b) implies that 
V < k(h) for h satisfying hg < < h < h*. This indicates 
that the flow will not be steady. By similar argument, it 
can be shown that any pattern of water pressure head profile 
that contains one or more zones of increase in water pres­
sure head as depth increases will not permit the flow to be 
steady. 
It is clear, from the last two paragraphs, that the water 
pressure head must either remain unchanged or always decrease 
as depth increases during steady flow. The fact that the in­
flow and outflow water pressure heads are different, however, 
rules out the possibility of water pressure head being the same 
throughout the soil column. Thus, if a zone of constant water 
pressure head ever exists, it must be accompanied by a zone 
where water pressure head always decreases as depth increases. 
As shown earlier, in the zone where water pressure 
head decreases as depth increases, the rate of decrease 
increases as depth increases. Furthermore, for the case 
at hand, equation (16c) indicates that v is larger than or 
equal to k(hj^) since z is always larger than zero for any 
depth below the inflow end of the soil column. 
If there is a zone of constant water pressure head, let 
hg be the water pressure head within it. Then, the flow rate 
through this zone is equal to kthg). Since the flow rate 
through the whole column is larger than or equal to k(h^), 
as pointed out in the preceding paragraph, it is clear that 
hg must not be smaller than If h^ is larger than h^^, the 
fact that h2 is smaller than h^ requires that there be a zone 
where water pressure head increases accompanying a zone where 
water pressure head decreases, which, as shown before, will 
not permit the flow to be steady. Hence, h^ must be equal to 
h^, meaning that the zone of constant water pressure head is 
in the upper part of the column and is underlain by a zone 
where water pressure head always decreases as depth increases. 
The water pressure head profile during the flow will, from 
case Ila and equation (16d), be described by 
h = h^, 0 z 1 (24a) 
and 
J k(h)^-^kîh, ) = L - z, Zj^ £ z 1 L, h^ ^  h ^  h^^ 
h ^ 
(24b) 
where z^ is the depth at which the zone of constant water 
pressure head ends. 
It is to be noted that the integral on the left hand 
side of equation (24b) becomes an improper integral when the 
lower limit of integration is h^^. Thus, the existence of the 
zone of constant water pressure head will depend on whether 
or not this improper integral converges. 
If the zone of constant water pressure head is absent, 
the water pressure head will always decrease with increasing 
rate, as depth increases during the flow, and the water pres­
sure head profile will be described, using equation (I6d), by 
hg 
J kfhf^ = L . z, 0 1 2 i L, hj 1 h i 
h 
(25) 
Case lie: Inflow water pressure head smaller than outflow 
water pressure head (h^ < h^; figure 6) As in case Ic, the 
inflow and outflow water pressure heads must satisfy the in­
equality (12) in order for vertically downward flow to be pos­
sible. It will be assumed in succeeding paragraphs that the 
inequality (12) is satisfied and thus the flow is vertically 
downward. 
Using an argument similar to that of case lib, it can be 
shown that only two patterns of water pressure head profile 
are possible. In one pattern, the water pressure head always 
increases as depth increases; in the other, there is a zone of 
constant water pressure head and a zone where water pressure 
head always increases as depth increases. 
Figure 6« A schematic diagram of an unsaturated homogeneous 
soil column and a theoretical water pressure head 
profile during steady vertically downward flow 
when the inflow water pressure head is more neg­




If a zone of constant water pressure head exists, the 
fact that the inflow water pressure head is smaller than the 
outflow water pressure head requires that the zone of constant 
water pressure head be accompanied by at least a zone where 
water pressure head increases as depth increases. From 
equation (l6c), it is seen that, since the inflow water pres­
sure head is smaller than the outflow water pressure head, 
the flow rate through the soil column is smaller than or equal 
to k(hj^). By an argument similar to that of case lib, it is 
clear that the zone of constant water pressure head is in the 
upper part of the soil column; below it is a zone of water 
pressure head increase as depth increases. Thus, the water 
pressure head within the zone of constant water pressure head 
is equal to the inflow water pressure, and the steady flow 
rate through the soil column is equal to the unsaturated hy­
draulic conductivity at points where the inflow water pres­
sure head is applied. The water pressure head profile during 
the flow is also described by equations (24a) and (24b) but 
with the water pressure head interval h^ ^  h ^  hg in place of 
the one given in equation (24b). The existence of the zone 
of constant water pressure head is similarly dependent upon 
whether or not the integral on the left hand side of equation 
(24b) converges when the lower limit of integration is h^. 
When no zone of constant water pressure head is present, 
the water pressure head always increases as depth increases 
during the flow. The water pressure head profile is also 
given by equation (25) with the accompanying water pressure 
head interval changed to h^ ^  h ^  hg as stated above. In 
the absence of a zone of constant water pressure head, the 
steady flow rate is smaller than the unsaturated hydraulic 
conductivity at points where the inflow water pressure head 
is applied. 
Case III; Coexistence of saturation and unsaturation 
As pointed out earlier, the water pressure head at any 
point in a saturated zone is larger than or equal to hg and 
that at any point in an unsaturated zone is smaller than h^ 
(hg has been defined as the water pressure head, smaller than 
or equal to zero, at which some of the pores of the completely 
saturated soil start to become unsaturated). Thus, the water 
pressure head at the junction of the saturated and unsaturated 
zones in the soil column is equal to hg. 
An unsaturated zone cannot be present in between two 
saturated zones during steady vertically downward flow through 
a homogeneous soil column because if it is, within it there 
would have to be a zone where water pressure head increases and 
a zone where water pressure head decreases as depth increases. 
Steady flow will not be possible under such conditions as seen 
in the paragraph following equation (23b). Thus, the case of 
an unsaturated zone beginning and terminating within the column 
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is ruled out. Similarly, if a saturated zone is enclosed be­
tween two unsaturated zones at least in the lower part of 
the upper unsaturated zone, the water pressure head must in­
crease to hg at the upper junction as depth increases; while 
at least in the upper part of the lower unsaturated zone, 
the water pressure head must decrease from hg at the lower 
junction to some smaller value as depth increases. Hence, 
the flow cannot be steady as shown earlier so that the pos­
sibility of a saturated zone beginning and terminating with­
in the column is also excluded. The only possible coexist­
ence is, therefore, the presence of one and only one zone of 
saturation together with one and only one zone of unsaturation. 
Let z* be the depth at which the zones of saturation and un­
saturation meet. Then, the water pressure head at z* is 
equal to hQ. 
Case Ilia: Saturation above and unsaturation below 
(hg < hQ 1 h^; figure 7) If the inflow water pressure 
head h^^ is equal to hQ, then the water pressure head at any 
point in the overlying saturated zone is equal to hQ and the 
flow rate is equal to the saturated hydraulic conductivity 
of the soil. In the underlying unsaturated zone, the water 
pressure head always decreases with increasing rate as depth 
increases. The water pressure head profile is seen from case 
la and equation (16d) to be given by 
Figure 7. A schematic diagram of a homogeneous soil column 
and a theoretical water pressure head profile 
when the column is saturated in the upper part 
and unsaturated in the lower part during steady 





h = hQ, 0 ^  z 6 z*, V = kg (26a) 
and, with L being the length of the soil column, by 
hg 
kUi'-X ' z*£.zi.U hgihihs 
(26b) 
Notice again that the integral on the left hand side of 
equation (26b) becomes an improper integral when the lower 
limit of integration is hg. Whether or not the profile de­
scribed by equations (26a) and (26b) is possible depends on 
the behavior of this integral as the lower limit of integration 
approaches hg. 
If the inflow water pressure head h^ is larger than hg, 
the water pressure head always decreases linearly as depth 
increases in the overlying saturated zone and the flow rate 
is larger than the saturated hydraulic conductivity of the 
soil. In the underlying unsaturated zone, the water pressure 
head always decreases with increasing rate as depth increases. 
The water pressure head profile is described, using equations 
(5b) and (16d), by 
h = hg + (1 - ^ ^)z, 0 1 z ^ z*, V > kg (27a) 
and 
hg 
J ' L - 2, z« i 2 1 L, hj i h 1 hQ (27b) 
h 
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Case Illb: Unsaturation above and saturation below 
(h^ < hg < h^; figure 8) Since this is the case in which 
the inflow water pressure head is smaller than the outflow 
water pressure head, the inequality (12) must be satisfied 
for the flow to be vertically downward. Also, the situation 
in which the outflow water pressure head is equal to hg has 
to be excluded because its presence will not allow the flow 
to be steady. Thus, in the underlying saturated zone, water 
pressure head must always increase with a constant rate, as 
depth increases, so that, as in case Ic, the flow rate is 
smaller than the saturated hydraulic conductivity of the soil. 
If the flow rate is equal to the unsaturated hydraulic 
conductivity corresponding to the inflow water pressure head, 
the water pressure head in the upper part of the overlying 
unsaturated zone will be equal to h^ throughout while, in 
the lower part, the water pressure head always increases with 
increasing rate as depth increases. On the basis of the re­
sult of case Ila, equation (16d), and equation (5c), the 
water pressure head profile is thus described by 
h = h^, 0 £ z ^  Zj^, V = k(hj^) < Icq (28a) 
h 
f k(h)dh 
J k(h) - k(h, ) 
h ^ 
= 2* - z, Z^ ^  z 1 2*, h^ ^  h i hg 
(28b) 
Figure 8. A schematic diagram of a homogeneous soil 
column and a theoretical water pressure head 
profile when the column is unsaturated in the 
upper part and saturated in the lower part 






h = hg " (i " 
k(h,) 
) (L - z); z* ^  z L, hg h ^  h 
0 
(28c) 
where z* is the depth at which the constant negative water 
pressure head portion ends in the overlying unsaturated zone. 
It is noted again that when the lower limit of integra­
tion in the integral on the left hand side of equation (28b) 
is h^» the integral is an improper integral. Hence, the 
existence of the water pressure head profile described by 
equations (28a), (28b), and (28c) depends on the behavior of 
this integral as the lower limit approaches h^. 
If the flow rate is smaller than the unsaturated hydrau­
lic conductivity corresponding to the inflow water pressure 
head, and hence smaller than the saturated hydraulic con­
ductivity of the soil, there will be no zone of constant water 
pressure head. Instead, in the overlying unsaturated zone, 
the water pressure head always increases with increasing rate 
while, in the underlying saturated zone, the water pressure 
head always increases with a constant rate as depth increases. 
The water pressure head profile is described, according to 
equations (16c) and (5c), by 
h 
and 
h = hg - (i - - 2), z* ^  z ^  L; hg ^  h ^  hg 
(29b) 
Steady Vertically Downward Flow Through 
Two-layered Soil 
The flow medium to be treated in this subsection consists 
of a vertical column of two distinct and homogeneous soil la­
yers (figure 9), The upper layer, whose thickness is L^, has 
a saturated hydraulic conductivity and the lower layer, 
whose thickness is Lg# has a saturated hydraulic conductivity 
kgg* kgg Is laDQer than k^^. A positive water pressure head 
hj^ and a non-negative water pressure head h2 are maintained, 
respectively, at the upper and lower surfaces of the column. 
Because of the boundary water pressure heads in figure 9, the 
water will seep vertically downward through the column at some 
steady rate v. Unsaturation is assumed to exist in the upper 
layer soil if the water pressure head at a point in the upper 
layer soil is smaller than some value hg^, where hg^ is 
smaller than or equal to zero. Similarly, unsaturation is 
assumed to exist in the lower layer soil if the water pres­
sure head at a point in the lower layer soil is smaller than 
some value where hQ2 is smaller than or equal to zero. 
The unsaturated hydraulic conductivities of the upper and 
lower layers will be designated, respectively, by k^th) and 
Figure 9. A diagram of a two-layer flow system with a 
layer of lower saturated hydraulic conductivity 


















kgth) to indicate that they are functions of water pressure 
head. 
Saturated flow 
When both layers of a two-layer soil column are satu­
rated throughout, their respective hydraulic conductivities 
are constant and the water pressure head at each depth must 
not be smaller than the larger one of hg^ and hqg defined 
above. Equation (5b) may then be used to obtain the water 
pressure head profile in the upper layer as 
h = h, + (1 - p )z, 0 1 z 1 L, (30) 
i *01 
where h^^, v, and Icq^ are known and z is to be specified to 
obtain h. 
Similarly, equation (5c) may be used to obtain the water 
pressure head profile in the lower layer as 
h = hg - (1 - + Lg - Z); ^ Z 6 + Lg 
(31) 
where hg, v, kgg* and Lg are known and z is to be spec­
ified to obtain h. 
Let hg be the interface water pressure head for the two 
soil layers shown in figure 9. Then, to satisfy the pressure 
continuity requirement, the value of hg obtained from equation 
(30) must be the same as that obtained from equation (31). 
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Furthermore, to make the flow vertically downward, h^ must 
satisfy 
h^ > hg - > hg - - Lg (32) 
which, upon rearrangement, gives 
hi + Li > hg > h2 - L2 (33) 
It is to be pointed out that although the rate of change 
of water pressure head with respect to depth in each layer is 
constant, the direction of he change in each case is not 
obvious. If the interface water pressure head is known, a 
comparison of the interface water pressure head with the in­
flow water pressure head will give the direction of change for 
the upper layer and a similar comparison with the outflow 
water pressure head will give the direction of change for 
the lower layer. 
At the interface, z is equal to and h is equal to hg. 
Thus, from equation (30), h^ may be expressed as 
^3 ~ + (1 " ^)Li (34a) 
and similarly, from equation (31), we have 
h^ = hg - (1 - )1'2 (34b) 
Solving equations (34a) and (34b) simultaneously gives 
h, - h« + L, + 
and 
»3 - + koiLg 
Equation (36) shows that the interface water pressure 
head depends not only on the inflow and outflow water pres­
sure heads but also on the thickness and the hydraulic con­
ductivity of each of the two layers. 
Since several combinations of the parameters determining 
hg are possible, only a specific case pertaining to the ex­
periments to be described later will be dealt with in detail. 
The specific case to be considered is described by 
and 
^2 " L2 > > hj^ > 0 (37a) 
^02 ^  ^ 01 (37b) 
Thus, for the specific case described by equations (37a) 
and (37b), equation (36) becomes 
= (38) 
02 1 01 2 
where h2 is used in place of Lg since hg and L2 are equal. 
Equation (38) indicates that h^ is larger than zero 
which is in accordance with the assumption that the soil 
column is saturated throughout. 
To see how water pressure head changes as depth increases 
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in the upper layer, equation (38) is used to find the dif­
ference between water pressure head at the interface and 
that at the inflow end of the soil column. Similarly, the 
direction of change of the water pressure head in the lower 
layer may be inferred from the difference between the water 
pressure head at the interface and that at the outflow end 
of the soil column. The results are obtained by subtracting 
hj^ and hg, respectively, from both sides of equation (38) and 
are given by 
"3 "l - ^ "02^-1 ' ' 
and 
^3 - h2 = 
= ^01^2^^1 " ^2^ * ' ^02^ ^ Q (40) 
*01^2 ^02^1 
It is seen from equations (39) and (40) that, as depth 
increases, the water pressure head always decreases linearly 
in the lower layer while, in the upper layer, the water pres­
sure head will decrease, increase, or remain unchanged ac­
cording as (lCoi'^^02^^2 smaller than, larger than, or equal 
to h^. 
Since the interface water pressure head h^ is a function 
of several parameters as indicated by equation (38), it is of 
interest to know its behavior in response to a change in each 
of the parameters. To see this, the first partial derivatives 
of h^ are derived from equation (38) as 
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^ ^ = 'oiVl'"! " *-1^ > 0 {41a) 
2 2 (*01^2 * *02^1^ 
p- = "olWg'H ' > 0 (41b) 
1 (kg^hg + ^ 02^1^ 
Sf • 
01 ^^01^2 ^ ^ 02^1^ 
(41d) 
^ = .haiW!k_lJ^<p (41e) 
02 (^01^2 ^02^1^ 
Thus, hg increases with each parameter, except k^g* when 
other parameters are held constant. 
The steady flow rate through the soil column may be ob­
tained from equation (35) by using the condition given in ex­
pression (37a) that the outflow water pressure head h^ and the 
lower layer thickness Lg are equal. The result is 
^1 ^ ^ 1 
^ = (L^Aoi) + (hj/koj) (42) 
Use of equation (42) in equations (30) and (31) gives, 
respectively, for the upper layer, 
^ Ci - 0 i z i (43a) 
and* for the lower layer, 
h = hg » ](L, + h« - z). 
Lj^ ^ z ^ Lj^ + hg (43b) 
where hg is used in place of Lg since hg and Lg are equal as 
stated earlier. 
It is seen from equations (43a) and (43b) that the water 
pressure head is linearly related to depth in both layers. 
The theoretical water pressure head profiles of equations 
(43a) and (43b) are shown in figure 10. 
Development of unsaturation in an initially saturated soil 
column 
Zaslavsky (1964a) presented a theoretical analysis to ob­
tain an upper limit of inflow water pressure head below which 
unsaturation may be expected in the two-layer soil column de­
fined in the first paragraph of this subsection during steady 
vertically downward flow. His derivation will now be reviewed 
with the details not given by him included. 
Let hg be the larger (less negative) one of h^^ and h^g 
defined in the first paragraph of this subsection. That is, 
hq is defined by 
hg = hg^ or hQ2 whichever is larger (44) 
Clearly, hg satisfies hg ^  0 < h^ and hg ^ 0 ^  hg. If the 
Figure 10, Theoretical water pressure head profiles during 
steady vertically downward flow of water through 
a saturated two-layer soil column: a« when inter­
face water pressure head is smaller than inflow 
water pressure head, b. when the interface water 




soil column is saturated throughout, it is clear that water 
pressure head at any depth must not be smaller than h^. At 
4 
the lower limit of complete saturation, the water pressure 
head hg occurs somewhere in the soil column. If the outflow 
water pressure head is larger than zero, h^ must occur at 
only one depth. Otherwise, there will be more than one di­
rection of change in water pressure head as depth increases 
in the layer in which hg occurs, and, on the basis of the 
results in the preceding subsection, steady flow cannot then 
occur. If the outflow water pressure head is zero,hQ can 
occur at more than one depth in the lower layer only if hg 
is also equal to zero. Furthermore, if both hg and the out­
flow water pressure head are equal to zero and h^ occurs in 
the lower layer, the water pressure head everywhere in the 
lower layer must be equal to zero as shown in case la of the 
preceding subsection. 
Suppose hgj^ and h^^ are equal so that they both are 
equal to hg. Since the inflow water pressure head is larger 
than hgj^ the result of case lb in the preceding subsection 
indicates that h^ cannot occur within the upper layer for 
both steady flow and complete saturation of the soil column 
to be maintained. Similarly, if h^ is smaller than zero, 
the result of case Ic in the preceding subsection shows that 
hg cannot occur within the lower layer whether the outflow 
water pressure head is larger than or equal to zero. If h^ 
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is equal to zero, it can occur within the lower layer soil 
only if the outflow water pressure head is also zero as dis­
cussed above. 
Next, suppose hg^ is larger (less negative) than hgg* 
Thus, hgj^ is, by definition given in equation (44), equal to 
hQ. A similar argument as in the preceding paragraph leads 
to the conclusions that h^ cannot occur within the upper layer 
and that the water pressure head at the interface must not be 
smaller than h^. First, the situation in which the outflow 
water pressure head is larger than hg will be examined. Since 
the lower layer soil is completely saturated, the result of 
case Ic in the preceding subsection indicates that, if hg 
occurs within the lower layer, the water pressure head must 
always increase with constant rate as depth increases between 
the depth where h^ occurs and the outflow end and that this 
trend of water pressure head distribution must also hold be­
tween the interface and the depth where hg occurs in order 
for the flow to be steady. Thus, an occurrence of hg below 
the interface will make the interface water pressure head 
smaller than hg which, in turn, will cause unsaturation in 
the lower part of the upper layer. Therefore, h^ must not 
occur below the interface. If the outflow water pressure 
head and hg are both equal to zero, the water pressure head 
in the zone between the depth at which h^ occurs and the out­
flow end must remain zero throughout as shown in case la of 
the preceding subsection. Again, this trend of water pressure 
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head distribtuion must also extend upward to the interface 
in order to make the flow through the saturated lower layer 
steady. 
The last situation to be examined is one in which hg^ is 
smaller (more negative) than h^g so that hQ2 is equal to h^. 
To maintain complete saturation of the lower layer soil, the 
water pressure head everywhere in the lower layer must not be 
smaller than hg. Thus, h^ cannot occur within the lower layer. 
Since the inflow water pressure head is larger than hg, an 
occurrence of hg within the upper layer soil will give rise 
to a zone of linear decrease in water pressure head as depth 
increases from the inflow end to the depth at which h^ occurs. 
To maintain steady flow through the saturated upper layer 
soil, this trend must continue downward to the interface so 
that the water pressure head at the interface will be smaller 
than hg. If such is the case, the upper part of the lower 
layer will have to be unsaturated. Thus, an occurrence of 
hg above the interface is also not permissible. 
On the basis of the arguments in the preceding three 
paragraphs, it may be concluded that at the lower limit of 
complete saturation of the soil column, the interface water 
pressure head is equal to h^. Having determined the inter­
face water pressure head, Darcy's law is used to obtain the 
flow rates as 
hi - hp. + Ln h, - hp. 
Vi = ) = kQi(l + ) (45a) 
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and 
= "J" • • 'h . ...U -
(45b) 
for the upper and lower layers, respectively. 
Commencement of unsaturation is conceivable the moment 
the flow rate through the lower layer is larger than that 
through the upper layer. With the use of this criterion, 
the right hand sides of equations (45a) and (45b) are com­
pared to give 
h, < I.,[^ (1 . . 1] + ho(^ + i) (46) 
SO that the upper limit, denoted by h^^, of the inflow water 
pressure head below.which unsaturation may be expected within 
the soil column during the flow is given by 
h, = LiC];^ (1 - £^) - 1] + ^O^k^ (47) 
is i ^2 ^ *^01 ^2 
which is the same as equation (8) of Zaslavsky, 
From equation (47), it is clear that for a given set of 
soils in the two layers, the limiting inflow water pressure 
head is determined not only by the saturated hydraulic con­
ductivity of one layer in comparison with that of the other 
layer but also by the thicknesses of the two layers and the 
outflow water pressure head. As one of these variables changes, 
there will be a corresponding change in the limiting inflow 
l o i  
water pressure head. The direction of this corresponding 
change is indicated by the partial derivative of equation 
(47) with respect to the variable concerned as shown below 
. . L, ( i . ^ < 0 (48a) 
*^01 * 2 ^01 
^ (1 . îl2-LÎÎ0j = ^ > 0 (48b) 
**02 *^01 Lg ^ *^01 
^  (1 - ^°) - 1  = ^ - 1 >0 (48c) 
*01 ^2 *01 
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where v is the steady flow rate through the column at its 
lower limit of complete saturation (v satisfies < v < kgg)* 
The results in equalities (48a) through (48e) may be 
explained by considering equations (45a) and (45b) and keeping 
in mind that the flow rate through the upper layer (v^) being 
smaller than that through the lower layer (vg) is a criterion 
for the commencement of unsaturation. 
Notice in equation (45a) that as kg^^ increases, v^ also 
increases. The increase in v^^, however, can be offset by a 
decrease in h^^ if everything else remains unchanged. Hence, 
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the criterion for the commencement of unsaturation given above 
will lead to a smaller limiting inflow water pressure head so 
that the limiting inflow water pressure head will become 
smaller when the saturated hydraulic conductivity of the 
upper layer soil becomes larger as indicated by inequality 
(48a). 
From equation (45b), it is seen that as kgg increases, 
Vg also increases. Thus, an appropriate increase in Vj^ will 
also satisfy the criterion for commencement of unsaturation 
and this increase in Vj^ must be achieved by an increase in h^ 
since other things in equation (45a) will remain the same as 
before. The criterion for the commencement of unsaturation 
can, therefore, be met at a larger inflow pressure head as 
expressed by inequality (48b), 
As the upper layer thickness becomes larger, equa­
tion (45a) indicates that v^ will tend to decrease. If, 
however, h^^ is also increased, the tendency for v^ to de­
crease as a result of increasing the thickness of the upper 
layer can be overcome so that the criterion for the commence­
ment of unsaturation can be met at a larger inflow water pres­
sure head. An increase in thickness of the upper layer, 
therefore, will make the limiting inflow water pressure head 
become larger as inequality (48c) indicates. 
An increase in the thickness Lg of the lower layer leads 
to an increase in Vg so that if v^^ correspondingly increases 
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the criterion for commencement of unsaturation will still be 
satisfied. From equation (45a), it is seen that an increase 
in in this case can be achieved by increasing h^ if every­
thing else in this equation does not change. Hence, an in­
crease in the thickness of the lower layer will make the 
limiting inflow water pressure head larger as shown in in­
equality (48d). 
From equation (45b), it is seen that v^ decreases as the 
outflow water pressure head hg increases. Thus, there must 
be a corresponding decrease in v^ in order for the criterion 
for commencement of unsaturation to be satisfied and this de­
crease must be achieved by a decrease in h^. It is seen, 
therefore, that the limiting inflow water pressure head de­
creases as the outflow water pressure head becomes larger as 
indicated by inequality (48e). 
Coexistence of saturation and unsaturation 
It will be assumed in the paragraphs that follow that 
the inequality (46) is satisfied and that unsaturation does 
occur in the soil column. If unsaturation is present in the 
upper layer, the zone of unsaturation must begin within the 
layer. This is so because a positive water pressure head is 
maintained at the upper surface of the column so that water 
pressure head immediately below this surface cannot be nega­
tive as required by the continuity of pressure. In the pre­
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sence of unsaturation, the upper layer must, therefore, repre­
sent the case of coexistence of saturation and unsaturation in 
which the former overlies the latter. Similarly, if a positive 
water pressure head is maintained at the outflow end of the 
«oil column, the continuity of pressure requires that a satu­
rated zone be present io the lower part of the lower layer so 
that if unsaturation is present in the lower layer, the zone 
of unsaturation must terminate above the outflow end of the 
soil column. Consequently, with the presence of unsaturationi 
the lower layer will be unsaturated above and saturated below. 
Let hg be the water pressure head at the interface. 
Clearly, when unsaturation is present within the soil column, 
h^ must be smaller than the larger one of h^^ and h^g defined 
earlier. The nature of the water pressure head profile during 
steady vertically downward flow will depend on the magnitude 
of h^ in comparison with hQ^ and h^g and on the magnitude of 
h^j^ in comparison with hgg* 
Case lî Both layers have the same lower limit of satu­
ration water pressure head (h^^ = hg^ = h^; figure 11) 
Since the interface water pressure head (h^) is smaller than 
the common lower limit of saturation water pressure head in 
order for unsaturation to occur, continuity of pressure re­
quires unsaturation to occur in both layers. Hence, the upper 
layer is saturated above and unsaturated below while the lower 
Figure 11. Theoretical water pressure head profile during 
steady vertically downward flow of water through 
two-layer soil column in the presence of unsatu-
ration when the two layers have the same lower 
limit of saturation water pressure head 
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layer is saturated below and unsaturated above. On the basis 
of the results in the preceding subsection, the following 
deductions may be made regarding the water pressure head pro­
file. 
(1) Water pressure head always decreases as depth in­
creases in the upper layer. The decrease is linear in the 
saturated zone while in the unsaturated zone the rate of de­
crease increases as depth increases. 
(2) In the lower layer two possibilities exist, i.e., 
(a) water pressure head always increases with increasing rate 
in the unsaturated zone and always increases with constant 
rate in the saturated zone as depth increases, and (b) water 
pressure head remains unchanged from the interface to a cer­
tain depth and then the pattern described in (a) follows. 
(3) Steady flow rate is larger than the saturated hy­
draulic conductivity of the upper layer soil and smaller than 
the saturated hydraulic conductivity of the lower layer soil. 
If a zone of constant water pressure head exists in the lower 
layer, the steady flow rate is equal to unsaturated hydraulic 
conductivity of the lower layer soil at the interface water 
pressure head. 
Let ZQ2 be the depth at which saturation and unsaturation 
meet and z^ the depth at which water pressure head is equal to 
the atmospheric pressure in the upper layer. Thus, the water 
pressure head at ZQJ^ is hg and that at Zj^ is zero. Similarly, 
lOH 
in the lower layer let be the depth to which the constant 
water pressure head zone extends, Zgg the depth at which un-
saturation and saturation meet, and Zg the depth at which 
water pressure head is equal to the atmospheric pressure. 
Hence, from the interface to Zg the water pressure head is 
equal to hg throughout, at Zg^ the water pressure head is h^, 
and at Zg the water pressure head is zero. 
With the use of the notations just defined, the above 
three deductions may be presented mathematically, on the basis 
of the results of cases Ilia and Illb in the preceding sub­
section, as follows 
(1) h = hj^ - - l)z, 0 ^  z 1 Zq^, hg ^ h ^  hj^ 
(49a) 
'0 
^ * ^01* ^01 ^  ^ ^ ^1» ^3 1 h ^ hg 
(49b) 
h 
ZQ2 • Z, 2: Z 1 ZQ2> hg ^  h ^  hg 
(50a) 
Z02 6 z ^ + Lg, hQ ^ h ^ hg (50b) 
109 
(2b) h = hg» 1 z ^  Zg (50c) 
k2(h)dh 
J k«(hj - k_(h.) ^ =02 " z* Z3 1 z ^  
h ^2' ' 2^:3^ 
^3 1 h ^  HQ (50d) 
kg(hq) k_(hq) 
h = h, - [i - g ^ 3 (L, + Lj + [i - ? ^ 32, 
^ *02 J- ^ Kq2 
=02 ^  ^ ^ ^ ^2' ^0 ^  ^  ^  ^ 2 (50e) 
(3a) k^^ < V < kgth) < kgg* ^3 £ h < HQ (51a) 
(3b) kgj^ < V = kgthg) < KGG* ^3 < HQ (51b) 
Clearly, (2a) and (3a) will hold if no zone of constant 
water pressure head is present .in the lower layer and (2b) and 
(3b) will hold if this zone exists. 
The depths Zj^» Zq^, Z3» Zq2 and Z2 may each be located 
by substituting the corresponding water pressure head into 
the appropriate equation among equations (49a) through (50e). 
From equation (49a), z^ and Zq^ are given by 
.. • ^  <«' 





Since both h^ and hg are larger than hg and v is larger 
than but smaller than k^g* it is seen that the depth Zqj^ 
is greater than and the depth Zq^ is greater than Zg, If 
hQ is equal to zero, i.e., the soils in both layers become 
unsaturated at water pressure head smaller than the atmos­
pheric pressure, and z^ will be the same, and so with 
Zq2 and Zg. If such is the case, it is also seen that both 
Zq2 9nd Zg are above the outflow end. 
If, for each of the two soil layers, a functional re­
lationship between unsaturated hydraulic conductivity and 
water pressure head is known and a zone of constant negative 
water pressure head is absent, the interface water pressure 
head and the flow rate may be determined as follows: 
At the interface, h = hg and z = L^. Thus, equation 
(49b) becomes, after using equation (53) to substitute for 
^01* 




Simiiariy, equation (50a) becomes, after using equation 
(55) to substitute for 
r^0 k2(h)dh " ^0^ / x J iqfKT^ = V -v  
*<3 
It is seen that equations (56) and (57) form a system . 
of two equations in two unknowns» i.e., the interface water 
pressure head hg and the steady flow rate v. Thus, both hg 
and V can be determined by solving equations (56) and (57) 
simultaneously. Once v is known, equations (52) through 
(55) can be used to calculate z^, Zg^, and z^g* respec­
tively. 
If a zone of constant negative water pressure head is 
present, the water pressure head within it is equal to hg 
(the interface water pressure head) and the flow rate through 
the entire column is equal to kgthg) as seen from equations 
(50c) and (51b). Thus, from equations (50d) and (55), one 
finds 
p^O k2(h)dh ^02(^2 " ^0) 
J kgth) - kgthg) ^  kQ2 " kglhg) " ^1 + ^2 - Z3 
^3 
(58) 
where z^ is the depth at which the zone of constant water 
pressure head terminates and k2(h2) is used in place of v 
as k2(h2) and v are equal. 
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Notice that when a zone of constant negative water 
pressure head is present, equations (56) and (58) form a 
system of two equations containing both the interface water 
pressure head h^ and the flow rate v( in this case, v is 
equal to k2(h2). However, there is an additional unknown 
Zg in equation (58), so that equations (56) and (58) cannot 
be solved simultaneously to obtain h^ and v unless is 
known. Since the value of z^ cannot be calculated unless 
h^ is known, it may be said that, in the presence of a zone 
of constant negative water pressure head, neither the inter­
face water pressure head nor the flow rate through the soil 
column can be predicted. Because both the interface water 
pressure head and the flow rate have to be known in order to 
calculate the water pressure head profile, it may be con­
cluded that a quantitative theoretical prediction of the 
water pressure head profile does not appear to be possible 
when a zone of constant negative water pressure head is 
present in the flow system. 
It is to be noted also that the integral on the left 
hand side of equation (58) is an improper integral since the 
function to be integrated is not finite at the lower limit 
of the integration. To make this integral converge Tagaki 
proposed a relationship between the unsaturated hydraulic 
conductivity kg and the water pressure head h as 
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kgfh) c a < 1 (59) 
1 - (hg + h)*' 
where c is a constant. 
The relationship between unsaturated hydraulic con­
ductivity and water pressure head given in equation (59) 
is of the form proposed by Gardner (1955) except for the 
restriction imposed on the exponent a. Gardner stated that 
no soil was found to give a value of a smaller than or equal 
to unity. In a search of literature, the writer also did 
not find any report of a value of a smaller than unity. 
Hence, the restriction on a that Tagaki proposed does ap­
parently not hold for soils, so that a convergence of the 
integral in equation (58) does not appear to be possible. 
Since equation (58) is the equation giving the thickness of 
the zone of constant negative water pressure head, a zone 
of constant negative water pressure head with finite thick­
ness does not appear to exist during steady vertically down­
ward flow of water through the two-layer flow system being 
considered. 
Case lit Lower limit of saturation water pressure head 
of upper laver larger than that of lower laver (h^^ >^02» 
figure 12) In this case, the interface water pressure head 
at the lower limit of complete saturation of the soil column 
is equal to h^^. As soon as the interface water pressure head 
Figure 12. Theoretical water pressure head profiles during 
steady vertically downward flow through a two-
layer soil column when the lower limit of satu­
ration water pressure head of the upper layer 
is larger than that of the lower layer: a. un-
saturation present only in the upper layer, 
b. unsaturation present in both layers 
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drops below the lower part of the upper layer will 
become unsaturated while the lower layer can remain saturated 
throughout as long as hg is larger than h^g* If this is the 
situationI the water pressure head profile in the upper layer 
will be described by equations (49a) and (49b) with hg^ re­
placing hg, while that in the lower layer will be described, 
as seen from equation (5c), by 
h = hp - (1 - r )(L, + L«) + (l - r )z, 
 ^ *02  ^  ^ ^02 
^ z Lj^ + Lg* ^02 ^  ^3 — ^  ^  ^2 (^0) 
Should the interface water pressure head h^ be smaller 
than hgg; the upper part of the lower layer will also become 
unsaturated. The situation is, therefore, the same as in 
Case I and all of the equations presented in Case I will hold. 
It should be pointed out, however, that since hg^ and h^g are 
no longer equal, one should replace, in all equations per­
taining to the upper layer, hg by h^^; while in those per­
taining to the lower layer, one should replace h^ by h^g* 
Case III: Lower limit of saturation water pressure head 
of lower laver soil larger than that of upper laver soil 
(hgg > hg^; figure 13) This is the reverse of Case II 
presented above so that unsaturation may occur in the upper 
part of the lower layer only while the upper layer remains 
Figure 13, Theoretical water pressure head profiles during 
steady vertically downward flow of water through 
a two-layer soil column when the lower limit of 
saturation water pressure head of the upper layer 
is smaller than that of the lower layer: a. un-
saturation present in lower layer only, b. un-
saturation present in both layers 
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saturated throughout; or it may be present in both the lower 
part of the upper layer and the upper part of the lower layer 
according as the interface water pressure head is not smaller 
or smaller than h^^. Should the interface water pressure 
head be larger than or equal to hg^, the pressure profile 
in the upper layer will be described, as seen from equation 
(5b), by 
h = hi - - l)z, 0 z ^ hg & h i h^ 
(61) 
while that in the lower layer will be described by equations 
(50a) through (50e), with h^ replaced by hgg; depending on 
which set of these equations is appropriate. 
If the interface water pressure head is smaller than 
hoi» then both the upper part of the lower layer and lower 
part of the upper layer will be unsaturated so that the 
situation is the same as in Case I. All equations presented 
in Case I will, therefore, hold if hg is replaced by the 
appropriate one of hgj^ and h^g* 
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MATERIALS AND METHODS 
Experimental Set-Up 
The experimental set-up consisted of three major parts 
(figure 14), base, soil cylinder, and extension cylinder. 
The base C was constructed by mounting a square sheet of 
clear acrylic plastic, 30 cm wide and 1.9 cm thick, onto 
four 15 cm high acrylic plastic legs. The center of the 
acrylic plastic sheet was excavated to give three successive 
circular bores 10.1, 8.9, and 7.6 cm in diameter and 0.9, 
0.3, and 0.2 cm deep, respectively. In the largest and 
uppermost bore was placed an 0-ring T onto which the lower 
end of the soil cylinder B was held securely with machine 
screws J. A circular piece S of 40-mesh wire screen mounted 
on a 0.3 cm thick perforated acrylic plastic disc was placed 
in the middle bore to separate the lower end of the soil 
column from the lowermost bore and to facilitate even flow 
of water from the cross section of the soil column. The 
lowermost bore was kept filled with water during each ex­
perimental run to facilitate maintenance of outflow water 
pressure head. Two 0.3 cm openings were provided under­
neath the lowermost bore for attachment of manometer tube 
and outflow tube I. 
Holes of 2 cm in diameter were drilled at predetermined 
spacings along two directly opposite walls of each soil 
Figure 14. A schematic diagram of the experimental set-up 
A - Extension cylinder 
B - Soil cylinder 
C Base 
D Upper layer (less permeable) soil 
E Lower layer (more permeable) soil 
F - Ponding head 
G Inflow tube 
H Mariotte-type bottle (inflow water supply) 
I Outflow tube 
J Machine screw 
K Mortite caulking compound 
L Tensiometer bulb 
M - No. 2 rubber stopper 
N - Tygon tubing 
0 - 7-mm glass tubing 
P - Screw clamp 
Q - Glass T-joint 
R Perforated plastic disc 








cylinder for installation of tensiometer bulbs L, Small 
openings were also provided along the wall of the soil 
cylinder to facilitate air entry and escape. An extension 
acrylic plastic tube A of the same diameter as the soil 
cylinder was fastened to the upper end of the soil cylinder 
by means of machine screws to hold the ponding head. Mor-
tite caulking compound(Mortel1 Company, Kankakee, Illinois}, 
was used to seal the joint between the soil cylinder and the 
extension cylinder. The depth of ponding head was maintained 
at the desired level by means of a Mariotte-type bottle H. 
Outflow water pressure head was maintained by adjusting the 
outflow tube until the outflow manometer tube gave the de­
sired reading. 
Tensiometer bulbs were adapted from Pyrex brand, tubu­
lar filters (Corning Glass Company, LG-3 Catalog, 1963, item 
No. 35000) by attaching a piece of glass tubing, 1 cm long 
and 0.7 cm in inside diameter, to the closed end of each fil­
ter tube so that both ends were open. The fritted portion of 
each filter tube was 5.2 cm long, 1.6 cm in outside diameter, 
and of medium porosity. This type of tensiometer bulbs has 
advantages of being very quickly responding and of having a 
large surface area of contact with the soil. The disadvan­
tages are that each bulb occupies a certain volume and hence 
is not a point detector and that because of its location in 
the soil column it may interfere with the flow. 
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Each tensiometer bulb was installed through the 2-cm 
holes on the wall of the soil cylinder and held securely in 
a horizontal position across the cross section of the soil 
column by rubber stoppers. Tygon tubing was used to connect 
one end of the tensiometer bulb to a 0,7-cm glass manometer 
tube. To the remaining end of the bulb was attached a short 
piece of tygon tubing so that screw clamp P could be used to 
keep it closed after the bulb L had been flushed with water. 
All experimental runs were performed in a constant temperature 
room the temperature within which was maintained at 21.5 + 
0.5®C. Certain items in figure 14 not described in this sub­
section are identified in the figure legend. 
Flow Liquid 
The flow liquid referred to as water throughout this dis­
sertation was an approximately 0.01 N calcium chloride solu­
tion. Surface tension and viscocity of this flow liquid at the 
temperature of the experiment were not significantly different 
from those of distilled water. The presence of calcium chlo­
ride in a flow liquid is advantageous in standardizing the 
flocculation state of the clay present in the soil. To make 
the standardizing effects even better, outflow liquid was 
used to refill the inflow liquid supply in all cases. In the 
desorption experiment, to be described later, in which the 
flow continued for over a month, toluene was added to the flow 
125 
liquid at a concentration of 400 ppm by volume to minimize 
potentially significant effects of microbial activities on 
the flow process during a long period of flow. Flow liquids 
with this concentration of toluene were reported by 
Swartzendruber (1954) to have essentially the same surface 
tension and viscocity at the temperature of the experiment 
as pure distilled water. 
Preparation of Soil Column 
The soils used in this investigation were A2 and B hor­
izons of Edina silt loam, C horizon of Clarion sandy clay 
loam, A horizon of Hagener loamy fine sand, C horizon of Ida 
silt loam, and Clayton sand (Clayton Silica Company, Box 790 
Cedar Rapids, Iowa) of 0.25 to 1.00 mm particle size. They 
will be referred to as Edina A^, Edina B, Clarion C, Hagener 
A, Ida C, and sand, respectively throughout the discussion 
that follows. The Edina samples were obtained from the Iowa 
State University Southern Iowa Experimental Farm, Bloomfield 
Iowa; the Clarion sample from the Iowa State University 
Agronomy-Argicultural Engineering Farm, Boone, Iowa; the 
Hagener sample from a site located about two miles east of 
Interstate Highway 35 and about five miles south of Inter­
state Highway 30 in Ames, Iowa; the Ida sample from the Iowa 
State University Western Iowa Experimental Farm, Castana, 
Iowa. All of the soil samples except Clayton sand were air-
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dried and sieved before using. A 0.1-cm standard square 
mesh sieve was used for the Edina-B and the Hagener-A sam­
ples while a 0.2-cm sieve was used for the rest of the 
samples. Some physical properties of the soils used are 
given in table 1 in the Results and Discussion section. 
Each soil column contained two layers of soil with the 
upper layer soil having lower saturated hydraulic conductiv­
ity than the lower layer soil. The Hagener, Clarion, and 
Ida soils were used in the lower layer and the Edina mixture, 
Edina-sand, and Clarion were used in the upper layer. The 
Edina mixture, which will be referred to as Edina, was pre­
pared by thoroughly mixing the Edina Ag and B samples at an 
oven-dry weight ratio of 2.04:1. The Edina-sand was simi­
larly prepared from Edina A^ and sand using the oven-dry 
weight ratio of 1.97:1, The soils were mixed in the given 
proportions to obtain a suitable range of flow conditions. 
The packing procedure consisted of pouring from 300 to 
500 gm of air-dry soil sample into the soil cylinder, stir­
ring thoroughly with a wooden or aluminum rod and tapping 
slightly around the outside of the cylinder with a screw 
driver handle. Care was taken to minimize stratification 
within each of the two layers. As mentioned earlier, dry 
tensiometer bulbs were installed during packing of the soil 
column. When the desired thickness of the lower layer had 
been attained, the top of the layer was leveled before 
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continuing with the upper layer soil. To obtain good pack­
ing at and near the upper end of the column» the column was 
packed longer than needed with the use of an extension cyl­
inder and then the extra thickness of the upper layer soil 
was removed. To avoid the soil running out along the wall 
of the cylinder, all air-passage holes were kept closed 
throughout the packing. 
Water Pressure Head Measurement 
The height of rise of water in the manometer tube with 
respect to the level of the tensiometer bulb to which the 
manometer tube was connected was used to indicate the mag­
nitude of water pressure head in the soil at the level of the 
center of the tensiometer bulb. A student type cathetometer 
(Catalog No. M911, Gaertner Scientific Corporation, 1201 
Wrightwood Avenue, Chicago, Illinois) capable of reading to 
the nearest 0.01 cm was used to locate the position of the 
tensiometer bulb and that of the water meniscus in the cor­
responding manometer tube. Manometer readings were taken 
twice a day, once during the day and once at night, for five 
consecutive days during steady flow. The average of the ten 
values of the water pressure head at each depth corrected 
for capillary rise of water in the manometer tube was used 
to represent water pressure head for the depth in question. 
Sorption Experiment I 
The purpose of this experiment was to study the effects 
of kind of lower layer soil, depth of ponding head, upper 
layer thickness, and lower layer thickness on flow rate and 
water pressure head profile during steady vertically down­
ward flow of water through columns of two-layered soil de­
scribed in the first subsection of this section when the 
outflow water pressure head was maintained at the atmos­
pheric pressure and the steady flow was attained through a 
sorption process. The Edina mixture described earlier was 
used as the upper layer soil in all cases in this experiment 
so as to eliminate the effect of upper layer soil on flow 
rate and water pressure head profile. 
Experimental design 
The experiment was laid out as a split-plot completely 
randomized experiment with lower layer soil (factor A) as 
the main plot and with 2x2x2 factorial sub-units. The three 
lower layer soils were Hagener A, Clarion C, and Ida C. 
Three replicates were performed when Hagener A or Ida C 
was the lower layer soil while, due to limited amount of 
soil available, two replicates were used when Clarion C 




Depth of ponding head (factor 
Upper layer thickness (factor 
Lower layer thickness (factor 
Level 
B) 5 and 25 cm of water 
C) 15 and 30 cm 
D) 62 and 92 cm 
Procedure 
Each of the soil cylinders used in this experiment had 
eight rows of 0.2-cm air-passage openings drilled along its 
wall with distance between rows of 2.5 cm and spacing within 
the row of 2 cm. These openings were covered with masking 
tape during packing of the soil. The soil cylinder was not 
mounted to the base until about 30 cm of its lower end had 
been filled with soil. Cheese cloth was used to prevent the 
soil from running out of the lower end of the cylinder. With 
the excavation at the center of the base (see description of 
experimental set-up) filled with water to prevent air from 
being trapped in the space between the lower end of the soil 
column and the outflow tube, the lower end of the soil cyl­
inder was fastened onto the base. The water pressure head 
at the lower end of the column was then maintained at atmos­
pheric pressure with the use of a Mariotte-type bottle and 
packing continued. 
After packing had been completed, a 0.3-cm thick per­
forated acrylic plastic disc was placed on top of the soil 
surface to minimize disturbance of the surface when the inflow 
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water supply was turned on. An extension acrylic plastic 
cylinder of the same diameter as the soil cylinder was then 
fastened to the upper end of the soil cylinder by means of 
machine screws and the joint sealed with Mortite caulking 
compound to prevent water leakage. The masking tapes cover­
ing the air-passage openings were removed and the inflow 
water supply turned on. The depth of the ponding head was 
maintained at the desired level by means of a Mariotte-type 
bottle. The column was allowed to wet from both top and 
bottom with the water pressure at the outflow end being kept 
at atmospheric pressure at all times. Tensiometer bulbs were 
connected to manometer tubes by means of tygon tubing during 
the wetting process. 
When the column appeared to have been thoroughly wetted 
and the direction of flow was predominantly downward, as 
indicated by a rise above atmospheric pressure of water pres­
sure at the outflow end, the ponding head and the extension 
cylinder holding it were quickly removed and the swollen soil 
carefully taken out. After the removal of swollen soil (the 
thickness of the soil removed was about 1 cm in all cases), 
the perforated plastic disc, the extension cylinder, and the 
ponding head were again put back in place and downward flow 
initiated by opening the outflow tube to the atmosphere. In 
cases in which swelling did not occur, vertically downward 
flow was initiated immediately following a rise above atmos­
pheric pressure of water pressure at the outflow end. Ten-
siometer bulbs were flushed with the flow liquid one after 
the other, starting from the uppermost one, following the 
downward flow initiation. 
On the second day following outflow initiation, six 
directly opposite rows of air-passage openings including 
all openings in the remaining two rows that showed sign of 
water leakage were covered with Mortite caulking compound 
to prevent water losses in the form of vapor or otherwise 
through them. Outflow measurement was also started on this 
second day. Flow rates were found to be essentially con­
stant in all cases from the third day of flow on so that 
water pressure head measurements were begun on the fourth 
day following outflow initiation and continued as described 
earlier. 
Sorption Experiment II 
The purpose of this experiment was to study the effects 
of kind of upper layer soil, depth of ponding head, and lower 
layer thickness on flow rate and water pressure head profile 
during steady vertically downward flow of water through columns 
of two-layered soil described earlier when the outflow water 
pressure head was maintained at the atmospheric pressure and 
the steady flow was attained through a sorption process. The 
upper layer thickness was chosen as 15 cm and Hagener A was 
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used as the lower layer soil in all cases in this experi­
ment. 
Experimental design 
The experiment was conducted as a 3x2x2 factorial com­
pletely randomized experiment in two replicates. The three 
factors were 
Factor Level 
Upper layer soil (factor A) Edina, Edina-sand, 
and Clarion C 
Depth of ponding head (factor B) 5 and 25 cm of water 
Lower layer thickness (factor C) 92 and 122 cm 
Procedure 
The same procedures as those used in Sorption Experiment 
I were used in the preparation of the soil columns and in 
data collection in this experiment. 
Desorption Experiment 
This experiment was conducted with the purpose of study­
ing the effects of kind of lower layer soil and outflow water 
pressure head on flow rate, and water pressure head profile 
during steady vertically downward flow of water through columns 
of two-layered soil described earlier when the soil column was 
thoroughly saturated initially and the outflow water pressure 
head was progressively decreased from a positive value to the 
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atmospheric or zero pressure. 
Experimental design 
In this experimentI depth of ponding head, thickness 
and kind of upper layer soil, and thickness of lower layer 
soil were all fixed. The depth of ponding head chosen was 
5 cm of water and the thickness combination selected was 15 
cm for the upper layer and 105 cm for the lower layer. The 
Edina mixture (A^ and B horizons) described before was used 
as upper layer soil while Clarion C and Hagener A were used 
separately in the lower layer. Four levels of outflow water 
pressure head, i.e., 105, 65, 15, and 0 cm of water, were 
used. The experiment was laid out as a completely randomized 
experiment in two replications with the four outflow water 
pressure heads applied in succession to the same soil column 
in each replicate. 
Procedure 
Each of the soil cylinders used in this experiment had 
two rows of 0.5-cm air-passage openings drilled along two 
directly opposite walls. The spacing within rows was 4 cm. 
The openings were closed with cork stoppers during packing 
and during saturated flow run, Evercoat marine resin (Fibre 
Glass-Evercoat Co., Inc., Cincinnati, Ohio) was used to seal 
the cork stoppers to the wall of the soil cylinder to prevent 
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water from running out along the side of the cylinder during 
a saturated flow run. 
At the time this experiment was about to start, the 
gamma-ray attennuation equipment was ready for use. Since 
it was highly desirable to know the degree of uniformity of 
packing throughout each of the two layers of soil, the work 
procedure for the soil column was planned to permit use of 
the gamma-ray equipment to determine bulk density of the soil 
along the depth of the column. 
An attenuated beam of gamma-rays of known intensity was 
first passed through the cross section of each empty soil 
cylinder at depths midway between every two adjacent tensio-
meter bulbs and the outgoing gamma-ray intensity for each 
depth recorded. The cylinder was then filled with air-dry 
soil using the same packing procedure as described before. 
Unlike in the preceding experiment, however, the outflow 
end of the soil cylinder was kept dry throughout the packing. 
After the cylinder had been filled with soil, gamma-ray data 
were again collected for each of the depths for which the 
data had been obtained with the empty cylinder. Care was 
taken to make sure that the data were collected from exactly 
the same depths as before. The gamma-ray data obtained with 
the air-dry soil column together with data obtained with the 
empty cylinder were used to calculate bulk density of the soil 
at each of the selected depths, using a procedure to be 
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described later. 
Before the soil column was wetted, cork stoppers covering 
air passage openings, and rubber stoppers holding tensiometer 
bulbs in place were sealed to the wall the soil cylinder 
with the Evercoat marine resin. All other potential water 
passages along the outside wall of the cylinder were also 
sealed. Several coatings of the resin were applied to insure 
that every joint was water tight. 
Each soil column was saturated from below with the flow 
liquid described earlier. Before the flow liquid was admitted 
to the lower end of the cylinder, air in the cavity underneath 
the wire screen was completely removed by continuously passing 
carbon dioxide gas into the cavity for at least two hours. 
Flow liquid was then admitted and the soil column allowed to 
saturate from below. Carbon dioxide is highly soluble in 
water and was observed to disappear almost instantaneously at 
the moment flow liquid advanced into the soil column. A 
Mariotte-type bottle was used as the water supply source in 
the saturating process. The bottle was raised at small length 
intervals until the upper end of the soil column had been 
reached. The presence of free water at the upper end of the 
soil column and the disappearance of air between the soil and 
the wall of the cylinder throughout the length of the cylinder 
were used as indications of complete saturation of the soil 
column. 
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After complete saturation of the soil column had been 
attained, swollen soil at the upper end of the column was 
removed, the soil surface covered with a 0.3-cm thick per­
forated plastic disc, the extension cylinder attached to the 
upper end of the soil cylinder, and a ponding head imposed 
and maintained at 5 cm of water. Tensiometer bulbs were next 
connected to manometer tubes by means of Mayon tubing (Mayon 
Plastics, 415 - 17th Avenue, North Hopkins, Minnesota) and 
flushed with the flow liquid. The outflow tube was then ad­
justed to make the height of rise of water in the outflow 
manometer tube at the same level as the interface of the two 
soil layers and vertically downward flow initiated. This 
position of the outflow tube corresponded to an outflow water 
pressure head of 105 cm of water. The flow was allowed to 
proceed until the flow rate became steady. Outflow and water 
pressure head measurements were then started and continued as 
described before. 
At the end of the fifth day of outflow and water pressure 
head measurements, the outflow tube was losered 60 cm to give 
an outflow water pressure head of 45 cm of water and flow 
rate and water pressure heads throughout the soil column al­
lowed to adjust. The soil column with this position of out­
flow tube would correspond with the column of thickness com­
bination 15 cm for the upper layer and 62 cm for the lower 
layer in Sorption Experiment I. All cork stoppers covering 
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air-passage openings throughout negative water pressure head 
zones were removed to allow air to get in the column and 
equilibrate with the new set of water pressure heads. To 
minimize evaporation of water through these openings, some 
of them were closed with the Mortite caulking compound after 
sufficient time had been allowed for the air to equilibrate. 
Outflow and water pressure head measurements were started 
and continued again when the flow rate became steady. The 
whole procedure was repeated for each of the two remaining 
levels of outflow water pressure head. 
At completion of the run for the last level of outflow 
water pressure head, namely, zero pressure, gamma-ray data 
for the same locations in the soil column were collected as 
before. This set of gamma-ray data together with that ob­
tained when the soil column was air-dry was used to calcu­
late the water content profile of the soil column in question. 
Calculation of Bulk Density and Water Content of 
Soil from Gamma-Ray Absorption Data 
Gamma-ray absorption is a non-destructive method for 
determining bulk density and water content of soils. The 
method has been used successfully by several investigators, 
such as Ferguson and Gardner (1962), Gurr (1962), Davidson, 
Biggar and Nielsen (1963), Rawlins and Gardner (1963), and 
Stammers (1966). The calculating procedures developed below 
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are based upon the literature written by these investigators. 
When monoenergetic gamma rays of intensity IQ pass 
through a substance of thickness x and density p, the trans­
mitted intensity I is given by 
I = Iq exp (- )ipx) (62) 
where |i is mass absorption coefficient of the substance in 
question. Thus, the intensity transmitted by an empty 
soil container and the intensity transmitted by the same 
container filled with air-dry soil are given, respectively, 
by 
^ec " ^01 <• (63) 
and 
Ids = ^02 '• ^ cPc*c • "sPs^s - Vw"») (64) 
where and are bulk density and bulk thickness of the 
soil, respectively. 
In equation (64), the third term in the exponent is in­
cluded to account for the water present in the air-dry soil. 
Since it is difficult, if not impossible, to determine the 
thickness x^ of water in the soil, it is desirable to express 
x^ in terms of easily measurable parameters. If © is the 
water content of the soil on a weight basis, it is easily 




SO that equation (64) becomes 
Ids " ^02 [-U^Pc*c " '•'s + ^«Gad)Ps*s] 
where the subscript ad on theta stands for "air-dry." 
Dividing equation (63) by equation (66) gives 
which simplifies to 
(68) 
'ids^Ol 
To obtain the absolute bulk density of the soil, it is 
necessary to know and 0^^. A procedure for determin­
ing p. and n will be described later. 
'"^s w 
It is noted in equation (68) that @\x con 
^s nw s 
stant for soil of uniform water content and thickness. Thus, 
the magnitude of ln(alone is sufficient to serve as 
^ds^Ol 
an indication of the degree of uniformity of bulk density 
without having to know |i^ and 
The gamma-ray intensity 1^^ transmitted by a moist soil 
of water content 6, bulk thickness x^, bulk thickness and 
mass absorption is given by 
^tns = ^03 (*9) 
Dividing equation (66) by equation (69) gives 
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= ^22 exp [(e - eadl^mPsX..] (70) 
ms Uo 
Thus, 
• • * ids "" 
Thus, to obtain water content on weight basis, it is 
necessary to know e^d* ^^w Ps* 
©Ps 
Use of the relationship y = , where y is water con-
Pw 
tent on a volume basis, in equation (71) gives 
which indicates that does not have to be known if the water 
content is expressed on a volume basis. 
The mass absorption coefficient of a given substance can 
be determined with the use of equation (62) if the density and 
thickness of the substance concerned are known. For sôils, 
water-free materials of known bulk density have to be used so 
as to avoid having to include the water content term in the 
equation. In this investigation, the mass absorption coef­
ficient of each soil was determined by passing the gamma ray 
beam through ten different points on the cross section of a 
horizontal oven-dry soil column of accurately measured bulk 
density and thickness and the average of the ten outgoing 
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gamma ray intensities was used in calculating the mass ab­
sorption coefficient. The same procedure was used for the 
flow liquid. Equation (68) was used in calculating bulk 
density and equation (71) was used in calculating water con­
tent. 
Supplementary Methods 
To provide information concerning some physical prop­
erties of the soils used in the three experiments described 
above, saturated hydraulic conductivity, particle size dis­
tribution, and moisture characteristic curves of each soil 
were determined. The hydrometer method described by Day 
(1965) was used in determining particle size distributions. 
In the saturated hydraulic conductivity determination, 
acrylic plastic cylinders of 8.9 cm inside diameter and 45 cm 
length were used. Each cylinder was mounted en an acrylic 
plastic base to which an outflow tube was attached. A 2-cm 
thick layer of Clayton sand was packed into the bottom end 
of the cylinder before the soil whose saturated hydraulic 
conductivity was to be determined was packed into the cyl­
inder. The purpose of the sand layer was to facilitate even 
flow of water out of the lower end of the soil column. The 
thickness of the soil layer was 28 cm. The packing procedure 
described earlier was also used in packing the soil. Two 
tensiometer bulbs of the same type as those used in the two-
layer soil experiments were installed through the cross 
section of the soil layer at 3 and 13 cm above the soil-
sand interface. The soil was saturated from below with the 
flow liquid used in the sorption experiments. When complete 
saturation had been attained, a perforated plastic disc was 
placed on the upper surface of the soil column, a constant 
ponding head imposed and outflow initiated at the lower end 
of the column. Manometer readings and outflow measurements 
were taken twice a day for one week to 10 days after flow 
rate had reached a steady state. Hydraulic head gradient 
between the two tensiometer bulbs was calculated for each 
set of manometer readings and the result used in Darcy's law 
to obtain saturated hydraulic conductivity for the corres­
ponding period. The calculated saturated hydraulic conduc­
tivities were averaged over time and the result used to 
represent the saturated hydraulic conductivity of the soil in 
question. Two replicates were carried out for each soil and 
each saturated hydraulic conductivity reported in table 1 was 
the average of the two replicates. 
In the determination of moisture characteristic curves 
each of the air-dry soil samples was packed uniformly into a 
brass ring, 5.4 cm in inside diameter and 3.0 cm tall, that 
was tightly secured onto a saturated porous plate. The soli 
was allowed to saturate from below with the flow liquid used 
in Sorption Experiments I and II while maintaining atmospheric 
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pressure at the level midway between the top and bottom of 
the soil core. The amount of flow liquid necessary to satu­
rate the soil core was recorded and air-dry water content of 
the soil determined so that saturation water content of the 
core could be calculated. To minimize loss of water by evap­
oration, the upper end of the soil core was covered with a 
plastic lid that had a small hole at its center. Negative 
pressures were applied to the saturated core in 10 cm in­
crements by lowering the outflow tube using the level midway 
between top and.bottom of the core as reference level. Total 
amount of outflow liquid was measured for each pressure in­
crement. Each successive pressure increment was applied only 
after cessation of outflow from the preceding pressure incre­
ment. The process was continued until a pressure of from -150 
to -185 cm of water, depending on the soil sample, had been 
reached. The whole process was then reversed until the soil 
core became saturated again. Each soil sample was run in 
duplicate and water contents for each level of applied pres­
sure were averaged over the two runs. Moisture characteristic 
curves were prepared by plotting water contents against ap­
plied (negative) pressure. 
Treatment of Data 
Water pressure head data 
As indicated earlier, there were ten manometer readings 
for each depth in each experimental run. The ten readings 
were averaged and the resulting average used to represent 
the water pressure head at the depth in question after hav­
ing been corrected for the height of capillary rise of the 
water in the manometer tube. All water pressure heads were 
reported in centimeters of water. 
For each of the three experiments, several locations in 
the soil column were chosen and the corresponding water pres­
sure heads were statistically analyzed to determine if there 
were differences among the levels of each factor under study 
and to determine if significant interactions among the factors 
under study existed. For Sorption Experiment II and the de-
sorption experiment, straight-forward techniques of analysis 
of variance were employed. For Sorption Experiment I, the 
unequal number of replicates complicated a straight-forward 
analysis of variance. To make the analysis less complicated, 
two orthogonal comparisons of the three lower layer soils 
were selected and the analysis of variance was done on the 
basis of the selected orthogonal comparisons. The two orthog­
onal comparisons selected were: (1) Hagener A versus Clarion 
C, and (2) Hagener A and Clarion C versus Ida C. 
For each experiment, water pressure head profiles were 
also prepared from the water pressure head data. To do this, 
the water pressure heads obtained at each depth in each 
treatment combination were averaged over the number of 
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replicates used and the resulting average plotted against 
depth on a graph paper having a linear scale on both axes. 
The vertical axis was chosen as the depth axis with the scale 
increasing positively downward while the horizontal axis was 
chosen as to the pressure head axis with the scale increasing 
positively to the right. 
Flow rate data 
The flow rate for each soil column in each experimental 
run was calculated as an average for the whole period of out­
flow measurement. To permit logical comparisons, all flow 
rates were expressed in centimeters per day be dividing each 
volume flow rate by the appropriate gross cross-sectional 
area of the soil column and multiplying by the appropriate 
time-conversion factor. 
The flow rates obtained in each experiment were statis­
tically analyzed to see if significant differences existed 
among them. The same techniques of analysis of variance as 
those used in the corresponding case of the water pressure 
head data were employed in the analysis of flow rates. 
Water content data 
The gamma-ray absorption data obtained in the desorption 
experiment were used in equation (71) to obtain the water con­
tent distribution in the profile when the outflow water pressure 
head was the atmospheric pressure. The water contents so-
calculated were then plotted against depth so as to obtain 
a water content profile at the zero outflow water pressure 
head for each of the two lower layer soils. 
Calculation of hydraulic conductivity 
Relationships between hydraulic conductivity and water 
pressure and between hydraulic conductivity and water con­
tent were obtained for Hagener A and Clarion C soils for 
both sorption and desorption. From Darcy's law in equation 
(2c), it is seen that the hydraulic conductivity may be 
expressed as 
" 1 - (dh/dz) (73) 
where k(h) is the hydraulic conductivity at a water pressure 
head h, v is the steady flow rate, and dh/dz is the slope of 
the water pressure head profile at the depth at which the 
water pressure head is equal to h. 
The slope of a water pressure head profile at a given 
point could be best obtained by analytically differentiating 
with respect to septh a functional relationship between the 
water pressure head and the depth z. However, it is not al­
ways possible to obtain a function that will fit the experi­
mental data perfectly. In this investigation, several forms 
of the function were tried and none was found to describe the 
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experimental data satisfactorily. When the data were care­
fully examined, it was observed that, between every two ad­
jacent tensiometers, each water pressure head profile ap­
proximated a straiight line very closely. The slope of the 
profile at each point midway between two adjacent tensio­
meters was thus obtained as the difference between the water 
pressure heads registered by the two tensiometers divided by 
the linear distance between the two tensiometers. Since 
tensiometers were closely spaced in each of the three experi­
ments, this procedure of obtaining the slopes of the water 
pressure head profiles should not lead to serious error. The 
value of the slopes so-obtained were used in equation (73) 
together with the appropriate steady flow rate to obtain the 
corresponding values of the hydraulic conductivity. Each cal­
culated hydraulic conductivity was associated with the arith­
metic mean of the two water pressure heads from which the 
slope was calculated. 
Each soil column was treated as a separate identity in 
the calculation of hydraulic conductivity. For each of the 
two soils, two columns having the widest range of water pres­
sure heads were selected from the two sorption experiments 
and used in the calculation of the sorption hydraulic con­
ductivity. The data obtained with the water pressure head of 
0 cm of water in the desorption experiment were used in the 
calculation of the desorption hydraulic conductivity. 
]4H 
Graphical relationships were obtained between hydraulic 
conductivity and water pressure as well as between hydraulic 
conductivity and water content. In the case of desorption, 
the water content data were directly obtained with the use 
of a gamma-ray technique described earlier. Since no direct 
measurement of water content was made in the sorption ex­
periments, the water content values were inferred from the 
appropriate moisture sorption curves given in figure 15 in 
the Results and Discussion section. 
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RESULTS AND DISCUSSION 
Some Physical Characteristics of the Soils Used 
In table 1 are presented the particle size distribution, 
the saturated hydraulic conductivity, and the mass absorption 
coefficient for gamma radiation of each of the soils used in 
this investigation. For each of these soils, the moisture 
characteristic (sorption and desorption) curves are also given 
in figures 15 and 16. 
From table 1, it is seen that both particle size dis­
tribution and saturated hydraulic conductivity varied from 
soil to soil. The three lower layer soils (Hagener A, 
Clarion C, and Ida C) appeared to differ considerably from 
the standpoint of particle size distribution while, from 
the standpoint of saturated hydraulic conductivity, Clarion 
C and Ida C appeared to be similar and to differ largely 
from Hagener A. Ida C had the largest and Hagener A the 
smallest silt and clay percentages. The sand percentage, 
on the other hand, was largest for Hagener A and smallest 
for Ida C, The sand, silt, and clay percentages of Clarion 
C were intermediate between those of Hagener A and those 
of Ida C. The saturated hydraulic conductivity of Hagener 
A was about 50 times that of Ida C and 30 times that of 
Clarion C. 
Large variations in particle size distribution and 
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Table 1. Some physical characteristics of the soils used in 
this investigation 
Hagener Ida Clarion Edina® Edina-
sand" 
Horizon A C C Ag & B 
Sand, per cent 90 20 56 10 42 
Silt, per cent 2 53 21 47 34 
Clay, per cent 8 27 23 43 24 
Texture^ s sil scl sic 1 
Saturated hydraulic 
conductivity, cm 
hr-1 29.63 0.6205 0.9571 0.0384 0.1362 
Mass absorption co­
efficient, cm2g"l 0.0699 0.0697 0.0691 
^2.04:1 oven-dry weight mixture of horizons and B. 
^1.97:1 oven-dry weight mixture of horizon Ap of Edina 
soil and Clayton sand. 
^s, sand; scl, sandy clay loam; sil, silt loam; sic, 
silty clay; 1, loam. 
saturated hydraulic conductivity are also noted among the 
three upper layer soils used (Edina, Edina-sand, and Clarion 
C). While Clarion C and Edina-sand were similar and differed 
considerably from Edina in particle size distribution, Edina 
and Edina-sand were similar and differed largely from Clarion 
C in saturated hydraulic conductivity. The silt and clay per­
centages were largest with Edina and smallest with Clarion C. 
Figure 15. Moisture characteristic curves of the three soils that 
were used as lower layers of the soil columns of this 
investigation. Each data point is an average from two 
replicates of soil slabs 
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Figure 16. Moisture characteristic curves of the three soils that 
were used as upper layers of the soil columns of this 
investigation. Each data point is an average from two 
replicates of soil slabs 
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The sand percentage, on the other hand, was largest with 
Clarion C and smallest with Edina. The saturated hydraulic 
conductivity of Clarion C was approximately seven times that 
of Edina-sand and twenty four times that of Edina, 
The moisture characteristic curves in figures 15 and 16 
show that, for each pressure increment in the range of nega­
tive pressures used, there was little change in the water 
content of Edina, Edina-sand, or Ida C for both sorption and 
desorption. For Clarion C, large changes in water content 
occurred in the pressure range of 0 to -80 cm of water both 
during sorption and during desorption. Hagener A remained 
essentially saturated up to a pressure of -30 cm of water dur­
ing desorption but, during sorption, the soil was not satu­
rated until the pressure of 0 cm of water had been attained. 
The lower limit of saturation water pressure head (the 
water pressure head below which unsaturation predominates in 
a given soil, or the water pressure head whose absolute mag­
nitude is equal to the thickness of the capillary fringe for 
the soil in question) is identified for each of the curves 
in figures 15 and 16. The value given for each curve of Ida 
C, Edina, or Edina-sand was arbitrarily chosen as the water 
pressure head corresponding to the water content of 85 per 
cent of the saturation percentage for the curve in question. 
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Results and Discussion of Sorption Experiment I 
The objective of Sorption Experiment I was to study the 
effects of kind of lower layer soil, depth of ponding head, 
thickness of upper layer, and thickness of lower layer on 
flow rate and water pressure head profile during steady ver­
tically downward flow of water through columns of two-layered 
soil when the steady flow was attained by allowing the water 
to move downward from a constant positive ponding head into 
columns of air-dry soil and to leave the lower surfaces of 
the soil columns at atmospheric pressure. 
Before presenting the data of the experiment, some 
theoretical predictions, based on the results obtained in 
the Theoretical Analysis section, will be considered. 
Theoretically predicted results for the water pressure head 
profile 
The question of interest is whether or not unsaturation 
is to be expected in any soil column of this experiment. To 
see this, equation (47) was used to obtain the limiting in­
flow water pressure head below which unsaturation is to be 
expected for a given combination of upper layer thickness, 
lower layer thickness and lower layer soil. The results 
(table 2) show that the two depths of ponding head, 5 and 25 
cm of water, used in this experiment are both smaller than 
each of the limiting inflow water pressure heads when Hagener 
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Table 2. Theoretical limiting inflow water pressure head 
below which unsaturation may be expected for the 
soil columns of Sorption Experiment I [each value 
in the last column was obtained by use of equa­
tion (47)] 
Lower Upper layer Lower layer Theoretical limiting 
layer thickness thickness inflow pressure head 
soil cm cm cm of water 
Hagener A 15 62 11,559 
15 92 11,559 
30 62 23,118 
30 92 23,118 
Clarion C 15 62 359 
15 92 359 
30 62 718 
30 92 718 
Ida C 15 62 -165 
15 92 - 63 
30 62 -251 
30 92 - 47 
A or Clarion C is the lower layer soil. Thus, unsaturation 
would be expected in every column containing Hagener A or 
Clarion C. On the other hand, when Ida C is the lower layer 
soil, the results in table 2 indicate that the two depths of 
ponding head used in this experiment are both larger than each 
of the limiting inflow water pressure heads. Hence, unsatu­
ration would not be expected to occur in the soil columns that 
contained Ida C in this experiment. The water pressure head 
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profile for each of the soil columns containing Ida C should» 
therefore, consist of two straight-line segments, one in the 
upper layer and the other in the lower layer, meeting each 
other at the interface. 
The occurrence of unsaturation during steady vertically 
downward flow of water through a column of two-layer soil may 
or may not be confined to one of the two soil layers as seen 
in cases II and III of two-layer soil in the Theoretical 
Analysis section. In this experiment, it is to be recalled 
that Edina was used as the upper layer soil for all soil 
columns. From the moisture characteristic curves in figures 
15 and 16, it is seen that the water pressure head at which 
unsaturation begins to predominate in Hagener A and Clarion 
C during sorption (O cm of water) is larger (less negative) 
than the corresponding water pressure head for Edina (arbi­
trarily chosen as -95 cm of water). Thus, on the basis of 
case III of two-layer soil in the Theoretical Analysis sec­
tion, unsaturation should always occur in the lower layer 
when Clarion C or Hagener A is the lower layer soil. The 
water pressure head profile in the lower layer of each of the 
soil columns containing Clarion C or Hagener A in this ex­
periment should, therefore, be curvilinear with increasing 
slope as depth increases. The water pressure head profile 
in the upper layer will depend on the interface water pres­
sure head. From the inequality (33), it is seen that the 
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interface water pressure head for each soil column of this 
experiment should be larger {less negative) than -92 cm of 
water, which is larger than the water pressure head cor­
responding to the water content of 85 per cent of the satu­
ration percentage of Edina, the upper layer soil. Hence, 
the upper layer soil of each soil column of this experiment 
should be essentially saturated throughout and each water 
pressure head profile in the upper layer should approximate 
a straight line. 
For each of the theoretically saturated columns con­
taining Ida C in the lower layer, the theoretical flow rate 
and the theoretical interface water pressure head were cal­
culated by use of equations (35) and (36) and the results are 
given in table 3, For each of these soil columns, a theo­
retical water pressure head profile was also obtained by use 
of equations (30) and (31), The results are presented in 
table 4, 
Experimentally obtained water pressure head profiles 
The water pressure head data obtained in Sorption Ex­
periment I are presented in tables 40 to 51 in the Appendix 
and the corresponding water pressure head profiles are found 
in figures 17 to 22. Each data point in figures 17 to 22 is 
an average of two or three replicates. 
It is seen from each water pressure head profiles in 
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Table 3. Theoretically calculated flow rates and theoret­
ically calculated interface water pressure heads 
for the soil columns containing Ida C as the lower 





cm of H2O 
1 5 15 62 4.01 -45.30 
2 25 15 62 4.99 -41.22 
3 5 15 92 4.99 -61.18 
4 25 15 92 5.88 -55.68 
5 5 30 62 2.64 -51.00 
6 25 30 62 3.19 -48.73 
7 5 30 92 3.28 -71.74 
8 25 30 92 3.80 -68.55 
Table 4. Theoretical water pressure head profiles during 
steady vertically downward flow of water through 
the soil columns having Ida C as the lower layer 
soil in Sorption Experiment I 
Column Theoretical water pressure head profile 
number^ Upper layer Lower layer 
1 h 5 3.3532Z h = -56.26 + 0.7306Z 
2 h = 25 - 4.4149Z h = -51.20 + 0.6649z 
3 h = 5 - 4.4123Z h = -71.16 + 0,6651z 
4 h = 25 5.3788Z h = -64.76 + 0.6052Z 
5 h = 5 1.8667Z h = -75.68 + 0.8226Z 
6 h = 25 2.4578Z h - -72.31 + 0.7860Z 
7 h = 5 2.5581Z h = -95.14 + 0.7798Z 
8 h — 25 3.1184Z h — -90.91 + 0.74512 
^See table 3 for description of each numbered column. 
Figure 17, Water pressure head profiles» obtained ex­
perimentally in Sorption Experiment I with 
Hagener A in the lower layer and Edina in the 
upper layer, showing the effects of ponding 
head and lower layer thickness for an upper 
layer thickness of 15 cm. is the bulk 
density of the upper layer soil and is 
the bulk density of the lower layer soil 
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Figure 18. Water pressure head profiles, obtained ex­
perimentally in Sorption Experiment I with 
Hagener A in the lower layer and Edina in the 
upper layer, showing the effects of ponding 
head and lower layer thickness for an upper 
layer thickness of 30 cm. is the bulk 
density of the upper layer soil and is 
the bulk density of the lower layer soil 
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Figure 19. Water pressure head profiles, obtained ex­
perimentally in Sorption Experiment I with 
Clarion C in the lower layer and Edina in the 
upper layer, showing the effects of ponding 
head and lower layer thickness for an upper 
layer thickness of 15 cm. is the bulk 
density of the upper layer soil and is 
the bulk density of the lower layer soil 
(•J ro o CO 
o c; o o o 















N N tf] 
Ci ) N — 
o "0 
s rïî o 
> % 
"ï" 




































Figure 20. Water pressure head profiles, obtained ex­
perimentally in Sorption Experiment I with 
Clarion C in the lower layer and Edina in the 
upper layer,showing the effects of ponding 
head and lower layer thickness for an upper 
layer thickness of 30 cm. is the bulk 
density of the upper layer soil and is 
the bulk density of the lower layer soil 
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Figure 21. Water pressure head profiles» obtained ex­
perimentally in Sorption Experiment I with 
Ida C in the lower layer and Edina in the 
upper layer, showing the effects of ponding 
head and lower layer thickness for an upper 
layer thickness of 15 cm. is the bulk 
density of the upper layer soil and is 
the bulk density of the lower layer soil 
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Figure 22. Water pressure head profiles, obtained ex­
perimentally in Sorption Experiment I with 
Ida C in the lower layer and Edina in the 
upper layer, showing the effects of ponding 
head and lower layer thickness for an upper 
layer thickness of 30 cm, is the bulk 
density of the upper layer soil and is 
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figures 17 to 22 that, between the 5-cm depth and the inter­
face, the water pressure head always decreases essentially 
linearly as depth increases. At the 5-cm depth, the water 
pressure head is positive and is approximately the same as 
or slightly larger than the depth of ponding head. In other 
words, there is a tendency for a build-up of water pressure 
at the 5-cm depth. The water pressure head at the interface 
is seen to be the smallest water pressure head for each pro­
file. 
The occurrence of positive water pressure head at and 
above the 5-cm depth and the approximately linear water pres­
sure head profile between the 5-cm depth and the interface 
indicate that the upper layer soil of each column of this 
experiment was essentially saturated throughout. The ten­
dency for a pressure build-up at the 5-cm depth observed with 
most of water pressure head profiles show that the saturated 
hydraulic conductivity of the upper 5 cm of the upper layer 
soil was apparently larger than that of the rest of the upper 
layer soil. This tendency for a pressure build-up might have 
been due to the effect of swelling which is believed to have 
occurred mostly in the upper 5 cm of the upper layer soil. 
The observed shape of the water pressure head profile in the 
upper layer of each of the soil columns agrees with the theo­
retical prediction made for the upper layers of the soil 
columns of this experiment if the upper 5-cm zone is disre-
1 /4 
garded. 
In the lower layer, 62 or 92 cm thick, two distinct 
shapes of the profiles are apparent, namely, curvilinear 
with increasing slope as depth increases when Hagener A or 
Clarion C is the lower layer soil and linear when Ida C is 
the lower layer soil. None of the profiles contains a zone 
of constant negative pressure head although in cases in which 
the lower layer is 92 cm thick and in which Hagener A or 
Clarion C is the lower layer soil, the water pressure head 
changes very gradually for a short distance immediately be­
low the interface. 
Each water pressure head profile approaches a straight 
line of non-zero slope as the outflow end is approached. 
Since a straight line water pressure head profile of non­
zero slope can occur only in saturated soils, the behavior 
of the observed water pressure head profiles indicates that 
all the three lower layer soils were essentially saturated 
for a short distance above the outflow end. 
The curvilinear shape of the water pressure head pro­
files in the lower layer obtained with Hagener A or Clarion 
C indicates that unsaturation was present in lower layers of 
the soil columns that contained Hagener A or Clarion C. The 
straight-line water pressure head profiles in each of the two 
layers observed with Ida C as the lower layer soil implies 
that the soil columns containing Ida C were saturated through­
out. These two observations are in agreement with the theo­
retical predictions made for the water pressure head profiles 
of this experiment. 
The water pressure heads at 5 cm above the interface, 1, 
15 and 20 cm below the interface, and 10 and 30 cm above the 
outflow end were statistically analyzed to see if significant 
differences existed among the water pressure heads at each of 
these locations. The results of the statistical analysis are 
presented in tables 5 to 10. Because the number of replicates 
of soil columns was not the same for the three lower layer 
soils used, a straight-forward statistical analysis of the 
data became very complicated. To make the statistical pro­
cedure easier to handle, two planned orthogonal comparisons 
of the lower layer soils were selected. The two comparisons 
were (1) Hagener A versus Clarion C and (2) Hagener A and 
Clarion C versus Ida C. 
To facilitate the comparisons between the levels of each 
of the four factors (lower layer soil, depth of ponding head, 
upper layer thickness, and lower layer thickness), mean water 
pressure heads for each level of the four factors and for each 
interaction effect found by the statistical analysis to be 
significant are presented in tables 11 to 13. 
Effect of kind of lower layer soil on water pressure head 
profile To illustrate, independently of any statistical 
Table 5. Analysis of variance of water pressure head obtained 
at 5 cm above the interface in Sorption Experiment I, 
Source of 
Variation df SS MS F 
Lower layer soil (A) 2 221.8510 110.9255 
Hagener vs. Clarion 1 210.5627 210.5627 4.51 
Hagener and Clarion 
vs. Ida 1 11.2883 11.2883 0.24 
Error (a) 5 233.4401 46.6880 
Ponding head (B) 1 1206.3466 1206.3466 87.39** 
Upper layer thickness (C) 1 9382.3439 9382.3439 679.66** 
Lower layer thickness (D) 1 356.5488 356.5488 25.83** 
AB 2 47.3096 23.6549 
1 37.3828 37.3828 2.71 
1 9.9267 9.9267 0.72 
AC 2 67.5145 33.7572 
1 9.8415 9.8415 0.71 
1 57.6730 57.6730 4.18 
AD 2 172.3553 86.1777 
1 4.6705 4.6705 0.33 
1 167.6849 167.6849 12.15** 
BC 1 119.0827 119.0827 8.63** 
BD 1 0.0138 0.0138 0.001 
CD 1 80.1472 80.1472 5.81 
ABC 2 2.4310 1.2155 
1 0.2018 0.2018 0.01 
1 2.2292 2.2292 0.16 
ABD 2 7.5697 3.7848 
1 7.0042 7.0042 0.51 
1 0.5655 0.5655 0.04 
Highly significant. 
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Table 5 (Continued) 
Source of 
Variation df SS MS F 
ACD 2 24.8977 1.2449 
1 1.0774 1.0774 0.08 
1 23.8203 23.8203 1.72 
BCD 1 0.0232 0.0232 0.002 
ABCD 2 7.4808 7.4808 
1 6.8411 6.8411 0.50 
1 0.6396 0.6396 0.05 
Error (b) 35 483.1574 13.8045 
Total 63 12412.5133 
Table 6, Analysis of variance of water pressure head obtained 
at 1 cm below the interface in Sorption Experiment I 
Source of 
Variation df SS MS F 
Lower layer soil (A) 2 262.1914 131.0957 
Hagener vs. Clarion 1 70.3300 70.3300 0.37 
Hagener and Clarion 
vs. Ida 1 191.8613 191.8613 1.00 
Error (a) 5 956.4298 191.2860 
Ponding head (B) 1 149.2978 149.2978 11.98** 
Upper layer thickness (c) 1 1179.8366 1179.8366 94.65** 
Lower layer thickness (D) 1 914.0796 914.0796 73.33** 
AB 2 17.8400 8.9200 
1 5.5207 5.5207 0.44 
1 12.3193 12.3193 0.99 
Highly significant. 
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Table 6 (Continued) 
Source of 
Variation df S3 MS F 
AC 2 409.9912 204.9956 
1 0.3904 0.3904 0.03 
1 409.6008 409.6008 32.86** 
AD 2 267.6023 133.8011 
1 0.0647 0.0647 0.005 
1 267.5376 267.5376 21.46** 
BC 1 0.9579 0.9579 0.08 
BD 1 2.6042 2.6042 0.21 
CD 1 5.3766 5.3766 0.43 
ABC 2 6.1264 3.0632 
1 1.3620 1.3620 0.11 
1 4.7644 4.7644 0.38 
ABD 2 17.4085 8.7043 
1 16.0891 16.0891 1.29 
1 1.3194 1.3194 0.11 
ACD 2 27.9531 13.9765 
1 10.6429 10.6429 0.85 
1 17.3102 17.3102 1.39 
BCD 1 2.2763 2.2763 0.18 
ABCD 2 3.8064 3.8064 
1 3.0963 3.0963 0.25 
1 0.7101 0.7101 0.06 
Error (b) 35 436.2672 12.4648 
Total 63 4660.0455 
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Table 7. Analysis of variance of water pressure head obtained 
at 15 cm below the interface in Sorption Experiment I 
Source of 
Variation df SS MS F 
Lower layer soil (A) 2 813.6344 406.8172 
Hagener vs. Clarion 1 28.3113 28.3113 0.27 
Hagener and Clarion 
vs. Ida 1 785.3231 785.3231 7.62* 
Error (a) 5 515.5014 103.1003 
Ponding head (B) 1 58.4843 58.4843 6.05* 
Upper layer thickness (c) 1 881.1992 881.1992 91.18** 


































BC 1 0.0495 0.0495 0.005 
6D 1 5.2900 5.2900 0.55 
CD 1 13.8198 13.8198 1.43 
ABC 2 9.8514 4.9257 
1 0.5255 0.5255 0.05 
1 9.3260 9.3260 0.96 
ABD 2 10.9746 5.4873 
1 9.9186 9.9186 1.03 




Table 7 (Continued) 
Source of 
Variation df SS MS F 
ACD 2 16.5099 8.2550 
1 0.3534 0.3534 0.04 
1 16.1565 16.1565 1.67 
BCD 1 0.7310 0.7310 0.08 
ABCD 2 4.3547 2.1773 
1 3.7725 3.7725 0.39 
1 0.5821 0.5821 0.06 
Error (b) 35 338.2593 9.6646 
Total 63 4985.2520 
Table 8. Analysis of variance of water pressure head obtained 
at 30 cm below the interface in Sorption Experiment I 
Source of 
Variation df SS MS F 
Lower layer soil (A) 2 1256.8740 628.4370 
Hagener vs. Clarion 1 0.6934 0.6934 0.01 
Hagener and Clarion 
vs. Ida 1 1256.1806 1256.1806 23.03** 
Error (a) 5 272.7443 54.5489 
Ponding head (B) 1 28.6626 28.6626 4.03* 
Upper layer thickness (c) 1 518.4160 518.4160 72.88** 
Lower layer thickness (D) 1 3462.2927 3462.2927 486.71** 
AB 2 22.1768 11.0884 
1 9.9389 9.9389 1.40 




Table 8 (Continued) 
Source of 
Variation df SS MS F 
AC 2 171.6726 85.8363 
1 2.9748 2.9748 0.42 
1 168.6978 168.6978 23.71** 
AD 2 65.0131 32.5066 
1 62.1387 62.1387 8.74** 
1 2.8744 2.8744 0.40 
BC 1 0.4406 0.4406 0.06 
BD 1 14.3925 14.3925 2.02 
CD 1 19.6138 19.6138 2.76 
ABC 2 7.9747 3.9874 
1 0.1392 0.1392 0.02 
1 7.8355 7.8355 1.10 
ABD 2 4.3242 2.1621 
1 4.2613 4,2613 0.60 
1 0.0629 0.0629 0.009 
ACD 2 23.2885 11.6443 
1 0.0163 0.0163 0.002 
1 23.2722 23.2722 3.27 
BCD 1 0.0024 0.0024 0.0003 
ABCD 2 12.7054 6.3527 
1 12.0243 12.0243 1.69 
1 0.6811 0.6811 0.10 
Error (b) 35 248.9762 7.1136 
Total 63 6129.5706 
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Table 9, Analysis of variance of water pressure head obtained 
at 30 cm above the outflow end in Sorption Experi­
ment I 
Source of 
Variation df SS MS 
Lower layer soil (A) 2 
Hagener vs. Clarion i 
Hagener and Clarion 
vs. Ida j 
Error (a) 5 
Ponding head (B) 1 
Upper layer thickness (C) 1 









































































Table 9 (Continued) 
Source of 
Variation df SS MS F 
ABD 2 3.7419 1.8709 
1 1.2673 1.2673 0.69 
1 2.4746 2.4746 1.35 
ACD 2 2.0450 1.0225 
1 1.9153 1.9153 1.04 
1 0.1297 0.1297 0.07 
BCD 1 0.1661 0.1661 0.09 
ABCD 2 1.4838 1.4838 
1 1.3083 1.3083 0.71 
1 0.1755 0.1755 0.10 
Error (b) 35 64.3028 1.8372 
Total 63 2181.1912 
lable 10. Analysis of variance of water pressure head obtained 
at 10 cm above the outflow end in Sorption Experi­
ment I 
Source of 
Variation df SS MS 
Lower layer soil (A) 2 320. 2400 160. 1200 
Hagener vs. Clarion 1 80. 4000 80. 4000 25. 64** 
Hagener and Clarion 
vs. Ida 1 239. 8400 239. 8400 76. 49** 
Error (a) 5 15. 6770 3. 1354 
Ponding head (B) 1 2. 2127 2. 2127 5. 38* 
Upper layer thickness (c) 1 25. 2004 25. 2004 61. 23** 




Table 10 (Continued) 
Source of 
Variation df 38 MS F 
AB 2 0.7511 0.3756 
1 0.7293 0.7293 1.77 
1 0.0218 0.0218 0.05 
AC 2 25.6742 25.6742 
1 8.3291 8.3291 20.24** 
1 17.3451 17.3451 42.14** 
AD 2 1.3411 0.6705 
1 1.1358 1.1358 2.76 
1 0.2053 0.2053 0.50 
BC 1 0.0452 0.0452 0.11 
BD 1 0.2678 0.2678 0.65 
CD 1 0.0484 0.0484 0.12 
ABC 2 1.0847 0.5424 
1 0.3443 0.3443 0.84 
1 0.7404 0.7404 1.80 
ABD 2 1.4316 0.7158 
1 1.2198 1.2198 1.22 
1 0.2118 0.2118 0.51 
ACD 2 0.0934 0.0467 
1 0.0870 0.0870 0.21 
1 0.0064 0.0064 0.02 
BCD 1 0.0008 0.0008 0.002 
ABCD 2 0.7871 0.7871 
1 0.6923 0.6923 1.68 
1 0.0948 0.0948 0.23 
Error (b) 35 14.4050 0.4116 
Total 63 409.2761 
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Table 11. Mean water pressure head in centimeters of water 
at 5 cm above the interface obtained in Sorption 
Experiment I with each of the four factors studied 
and with each interaction that shows a significant 
effect 
Lower layer soil 
Hagener A Clarion C Mean Ida C Mean 
Upper layer thickness 
15 cm -10.16 
30 cm -32.35 
Lower layer thickness 
62 cm -20.30 







•12.00 - 8.80 -10.57 
•35.07 -35,47 -34.88 
•17.79 -22.30 -20.32 















Table 12. Mean water pressure heads in centimeters of water 
at 1, 15, and 30 cm below the interface obtained 
in Sorption Experiment I with each level of the 
four factors studied and with each interaction 
that shows a significant effect 
Lower layer soil uean 
Hagener A Clarion C Mean Ida C 
1 cm below the interface 
Ponding head 
5 cm -- -- -- -- -46.45 
25 cm -- -- -- -- -43.40 
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Table 12 (Continued) 
Lower laver soil Mean Hagener A Clarion C Mean Ida C 
Upper layer thickness 
15 cm -42.93 -45.43 -44.18 -35 .13 -40.63 
30 cm -47.43 -50.34 -48.89 -50 .25 -49.22 
Lower layer thickness 
62 cm -42.95 -45.74 -44.35 -36 .27 -41.14 
92 cm -47.41 -50.03 -48.72 -49 .11 -48.70 
-45.18 -47.89 -46.54 -42 .69 
15 cm below the interface 
Ponding head 
5 cm -40.60 
25 cm — -38.69 
Upper layer thickness 
15 cm «39.68 -40.99 -40.34 -28, .82 -35.93 
30 cm -43.66 -45.79 -44.79 -41. 43 -43.36 
l.cLower layer thickness 
62 cm -37.18 -38.61 -37.90 -28. .13 -34.14 
92 cm -46.17 -48.17 -47.17 -42, .12 -45.15 
-41.67 -43.39 -42.53 -33. 04 




25 cm -31.55 
Upper layer thickness 
15 cm -34.40 -33.57 -33.99 -21. ,56 -29.38 
30 cm -37.13 
Lower layer thickness 











92 cm -41.94 -44.21 -43.08 -34. 13 -39.58 
-35.76 -35.49 -35.63 -26. 50 
Table 13. Mean water pressure heads in centimeters of water 
at 10 and 30 cm above the outflow end obtained in 
Sorption Experiment I with each level of the four 
factors studied and with each interaction that 
shows a significant effect 
Lower layer soil 
Hagener A Clarion C Mean Ida C Mean 
10 cm above the outflow end 
Ponding head 
5 cm -- - 9.08 
25 cm -- -- - 8.71 
Upper layer thickness 
15 cm -11.70 - 7.88 - 9.79 - 5.10 - 8.27 
30 cm -11.40 - 9.45 -10.43 - 7.70 - 9.53 
Lower layer thickness 
62 cm — -- -- -- - 8.91 
92 cm — -- -- -- - 8.88 
-11.56 - 8.66 -10.11 - 6.40 
30 cm above the outflow end 
Ponding head 
5 cm -- -- -- -- -25.16 
25 cm -- -- -- -- -24.33 
Upper layer thickness 
15 cm -28.87 -24.95 -26.91 -14.95 -22.67 
30 cm -30.55 -28.55 -29.55 -21.80 -26.77 
Lower layer thickness 
62 cm -- -- -- —- —24.93 
92 cm -- -- -- -- -24.57 
-29.71 -26.75 -28.23 -18.37 
analysis; the effect of kind of lower layer soil on water 
pressure head profile, twelve of the twenty-four water pres­
sure head profiles in figures 17 to 22 were selected at ran­
dom and regraphed in figures 23 to 26. The statistical an­
alysis for all the twenty-four profiles shows the following. 
For the three lower layer soils used, the mean water 
pressure head for Hagener A was not significantly different 
from that for Clarion C at each of the locations selected for 
the statistical analysis, except at 10 cm above the outflow 
end where the mean water pressure head for Clarion C was 
larger than that for Hagener A. At 5 cm above or 1 cm below 
the interface, the water pressure heads for the three lower 
layer soils did not differ significantly from one another. 
At each of the remaining locations, the water pressure head 
for Ida C was larger than that for Hagener A or Clarion C. 
At each of the locations where significant differences 
among the mean water pressure heads for the three lower layer 
soils existed, the magnitude of each difference became smaller 
as the upper layer thickness became larger, and, at 15 cm be­
low the interface, the magnitude of each difference also be­
came smaller as the lower layer thickness became larger. 
To interpret the statistical result for the water pres­
sure heads near the interface, the following may be considered. 
It is recalled that the same upper layer soil was used for all 
soil columns of this experiment. Therefore, the observation 
Figure 23, A comparison of water pressure head profiles 
for the three kinds of lower layer soil; the 
profiles were obtained in Sorption Experiment 
I for columns having a thickness combination 
of 15 cm for the upper layer and 62 cm for the 
lower layer and a depth of ponding head of 25 
cm of water 
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Figure 24. A comparison of water pressure head profiles 
for the three kinds of lower layer soil; the 
profiles were obtained in Sorption Experiment 
I for columns having a thickness combination 
of 15 cm for the upper layer and 92 cm for the 
lower layer and a depth of ponding head of 25 
cm of water 
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Figure 25. A comparison of water pressure head profiles 
for the three kinds of lower layer soil; the 
profiles were obtained in Sorption Experiment 
I for columns having a thickness combination 
of 30 cm for the upper layer and 62 cm for the 
lower layer and a depth of ponding head of 25 
cm of water 
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Figure 26. A comparison of water pressure head profiles 
for the three kinds of lower layer soil; the 
profiles were obtained in Sorption Experiment 
I for columns having a thickness combination 
of 30 cm for the upper layer and 92 cm for the 
lower layer and a depth of ponding head of 25 
cm of water 
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of statistically the same water pressure head in the vicin­
ity of the interface for the three lower layer soils implies, 
for a given upper layer thickness and a given depth of ponding 
head, the same water pressure head gradient and hence, by 
equation (2c) and the observation that the upper layer soil 
was essentially saturated throughout, the same flow rate. 
It may also be inferred from this observation that, for ex­
perimental conditions similar to those used in this experi­
ment, lower layer soils similar to those used here will not 
influence the flow rate and the water pressure head profile 
in the upper layer. 
From the moisture sorption curves in figure 16, it is 
seen that at a water pressure head of -45 cm, which is ap­
proximately the mean water pressure head at 1 cm below the 
interface for the three lower layer soils, the respective 
water contents of Ida C, Clarion C, and Hagener A are ap­
proximately 90, 60, and 35 per cent of the corresponding 
saturation percentages. Thus, the Ida soil in each experi­
mental column should be essentially saturated throughout 
and its hydraulic conductivity should approximate the con­
stant value at saturation. As a consequence, all pressure 
profiles for the Ida soil should be straight lines. The 
Clarion and Hagener soils, on the other hand, would not be 
saturated, especially in a zone immediately below the inter­
face where the water pressure heads are small compared to 
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those at lower depths. Consequently, their corresponding 
pressure profiles should be curvilinear. 
For the purpose of illustration, four of the theoret­
ical water pressure head profiles for the soil columns having 
Ida C as the lower layer soil given in table 4 are presented 
graphically in figures 27 and 28 along with the corresponding 
water pressure head profiles obtained in the experiment. It 
is seen from these two figures that, at a given depth in each 
soil column, the theoretical water pressure head is smaller 
than the experimental water pressure head and that, in the 
upper layer of each column, the theoretical and experimental 
water pressure head profiles are essentially parallel to each 
other except in the upper 5-cm zone. The disagreement between 
the theory and the experiment might be due to the presence of 
swelling in the upper 5 cm of each experimental column which 
was not accounted for in the development of the theory. As 
swelling caused pressure build-up in the 5-cm zone in the 
upper part of the upper layer, the water pressure heads at 
lower depths would increase accordingly. As a result, each 
experimental water pressure head profile lies to the right of 
the corresponding theoretical water pressure head profile. 
Effect of depth of ponding head on water pressure head 
profile The water pressure head profiles for the two 
depths of ponding head, 5 and 25 cm of water, used in this 
Figure 27. Theoretical and experimental water pressure head 
profiles for the soil columns having a thickness 
combination of 15 cm for the upper layer and 92 
cm for the lower layer and with Ida C as the 
lower layer soil. Data points are not shown 
on the experimental profiles since the profiles 
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Figure 28. Theoretical and experimental water pressure 
head profiles for the soil columns having a 
thickness combination of 30 cm for the upper 
layer and 62 cm for the lower layer and with 
Ida C as the lower layer soil. Data points 
are not shown on the experimental profiles 
since the profiles were regraphed from fig­
ure 22 
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experiment are found in figures 17 to 22. It is seen from 
these figures that»in general, the water pressure head pro­
file obtained with the 25-cm depth of ponding head lies to 
the right of the corresponding profile obtained with the 5-cm 
depth, suggesting that the water pressure head at each depth 
is larger with the 25-cm depth of ponding head. The positive 
shifts for the profiles observed with the 25-cm depth of pond­
ing head are significant as may be seen from the analyses of 
variance discussed below. 
The analyses of variance in tables 5 to 10 indicate that, 
at each of the six locations selected, there was a signifi­
cant difference between the mean water pressure head obtained 
with the 5-cm depth of ponding head and that obtained with 
the 25-cm depth of ponding head. From the mean water pres­
sure heads given in tables 11 to 13, it is seen that, at each 
of the six locations selected for statistical analysis, the 
25-cm depth of ponding head gave a significantly larger mean 
water pressure head than the 5-cm depth of ponding head. The 
magnitude of the difference between the mean water pressure 
heads obtained with the two depths of ponding head was inde­
pendent of lower layer soil, upper layer thickness, or lower 
layer thickness, except at 5 cm above the interface where the 
magnitude of the difference was smaller as the upper layer 
thickness became larger. 
The effect (figures 17 to 22) of increasing depth of 
204 
ponding head in increasing water pressure head in the soil 
column manifests itself throughout the soil column; the ef­
fect, however, decreases as depth increases. Since the upper 
layer soil should be essentially saturated, the increase in 
depth of ponding head should result in an increase in water 
pressure head at each depth in the upper layer as seen from 
equation (5b). The interface water pressure head should, 
therefore, increase with increasing depth of ponding head. 
The increase in the interface water pressure head will, in 
turn, result in increases in water pressure heads at lower 
depths in the lower layer so that the trend of increasing 
water pressure head with depth in the lower layer will be 
maintained during the flow. 
Effect of upper layer thickness on water pressure head 
profile The water pressure head data for eight of the 
twenty-four soil columns of this experiment are plotted 
against distance from the interface of the two soil layers 
(figures 29 and 30) to illustrate the effect of upper layer 
thickness on the water pressure head profile. From these 
two figures, it is noted that, for a given combination of 
lower layer soil, lower layer thickness and depth of ponding 
head, the water pressure head profile obtained with the 15-cm 
upper layer thickness lies to the right of that obtained with 
the 30-cm upper layer thickness. This suggests that, at a 
Figure 29. A comparison of water pressure head profiles 
for the two levels of upper layer thickness; 
the profiles were obtained in Sorption Experi­
ment I for soil columns having a lower layer 
thickness of 62 cm, a depth of ponding head of 
25 cm o€ water, and Ida C or Hagener A as the 
lower layer soil 
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Figure 30. A comparison of water pressure head profiles 
for the two levels of upper layer thickness; 
the profiles were obtained in Sorption Experi­
ment I for soil columns having a lower layer 
thickness of 92 cm, a depth of ponding head 
of 25 cm of water, and Ida C or Hagener A as 
the lower layer soil 
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given distance from the interface, the water pressure head 
for the 15-cm upper layer thickness is larger than that for 
the 30-cm upper layer thickness. The statistical analysis 
{tables 5 to 13) shows the following. 
At each of the six locations selected for statistical 
analysis, the mean water pressure head for the 30-cm upper 
layer thickness was significantly smaller than that for the 
15-cm upper layer thickness. At each location in the lower 
layer, the difference between the mean water pressure heads 
for the two upper layer thicknesses was larger when Ida C 
was the lower layer soil than when Hagener A or Clarion C 
was the lower layer soil. At 10 cm above the outflow end, 
where Hagener A and Clarion C showed a significant difference 
in water pressure head, the difference between the mean water 
pressure heads for the two upper layer thicknesses was larger 
when Clarion C was the lower layer soil than when Hagener A 
was the lower layer soil. 
The effect of increasing upper layer thickness in de­
creasing water pressure head at each distance from the inter­
face is to be expected. Since, during steady vertically 
downward flow through a two-layer soil column of the type 
used here water pressure head always decreases as depth in­
creases in the upper layer, for a given depth of ponding head, 
a thicker upper layer should result in a smaller interface 
water pressure head. Once a change in water pressure head 
occurs at the interface a corresponding change should occur 
in the lower layer as has been pointed out in the discussion 
of the effect of ponding head. 
Effect of lower layer thickness on water pressure head 
profile The water pressure head profiles for the two lower 
layer thicknesses, 62 and 92 cm, used in this experiment are 
found in figures 17 to 22. It is seen from these figures that, 
for each combination of the factors, depth of ponding head, 
upper layer thickness, and lower layer soil, the lower layer 
thickness does not seem to affect the water pressure head 
profile in the upper layer. At each depth in the lower layer, 
the water pressure head and the slope of the profile appear 
to decrease with increasing lower layer thickness. The sta­
tistical analysis (tables 5 to 13) shows the following. 
Except in the 30-cm zone above the outflow end, the mean 
water pressure heads at each of the selected locations was 
significantly larger when the lower layer was 62 cm thick 
than when it was 92 cm thick. In the 30-cm zone immediately 
above the outflow end, the mean water pressure heads for the 
two lower layer thicknesses were not significantly different 
from each other. At each location where significant dif­
ference between the mean water pressure heads for the two 
lower layer thicknesses existed, the difference was larger 
when Ida C was the lower layer soil than when Hagener A or 
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Clarion C was the lower layer soil. 
The observation in the preceeding paragraph implies 
that, for each lower layer soil, there is a definite zone 
immediately above the outflow end in which the water pressure 
head profile depends mainly on the boundary condition at the 
outflow end. Thus, at the upper end of this zone the water 
pressure head for each lower layer soil should be approximately 
constant regardless of the conditions above the interface, 
provided that there is no appreciable change in flow rate. 
As the water pressure head decreases with height above the 
outflow end, a thicker lower layer should give a smaller 
interface water pressure head. The interface water pressure 
head, however, probably depends on the conditions above the 
interface more than it does on the conditions at the outflow 
end, especially when the lower layer is of large thickness. 
If such is the case, the slope of the water pressure head 
profile in a zone immediately below the interface will be­
come closer and closer to zero as the lower layer continues 
to lengthen. Hence, a zone of approximately constant nega­
tive water pressure head is conceivable when the lower layer 
thickness is sufficiently large. The lower layer thickness 
at which such a zone will begin to exist obviously depends on 
the characteristics of the lower layer soil. It should be 
pointed out again that a zone of strictly constant negative 
pressure does not appear to be possible as indicated in the 
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Theoretical Analysis and that none of the water pressure 
head profiles obtained in this experiment exhibits a zone 
of strictly constant negative pressure. 
Steady flow rate 
In this experiment; flow rates (table 14) are reported 
for steady state condition. These steady flow rates were 
statistically analyzed by the same technique of analysis of 
variance as in the analysis of water pressure head. The re­
sults of the statistical analysis are found in table 15 and 
the mean flow rate for each level of the four factors under 
investigation are given in table 16 to facilitate making 
comparisons. 
It is noted that each steady flow rate in table 14 is 
larger than the saturated hydraulic conductivity of the upper 
layer soil and smaller than the saturated hydraulic conduc­
tivity of the lower layer soil of the soil column from which 
the flow rate in question was obtained (see table 1 for 
values of saturated hydraulic conductivity). This observa­
tion is in agreement with the result obtained in the Theo­
retical Analysis as well as with the theoretical postulation 
of Takagi mentioned in the Review of Literature. 
From tables 15 and 16, it is seen that the mean flow 
rates for the three lower layer soils were not significantly 
different from one another. For the two depths of ponding 
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Table 14, Steady flow rate obtained in Sorption Experiment I 
Lower layer Treatment Flow rate, cm dav*^ 
soil combination® I II III Mean 
Hagener A 5-15-62 4.22 8.28 5.45 5.98 
25-15-62 5.84 8.62 4.48 6.41 
5-15-92 4.46 5.21 5.04 4.90 
25-15-92 6.74 10.07 4.99 7.27 
5-30-62 2.07 4.51 2.04 2.87 
25-30-62 2.74 4.47 2.32 3.18 
5-30-92 2.01 4.24 1.91 2.72 
25-30-92 2.59 6.85 2.17 3.87 
Clarion C 5-15-62 4.66 4.45 4.56 
25-15-62 8.00 5.87 6.94 
5-15-92 9.01 5.00 7.01 
25-15-92 9.54 5.44 MM» 7.49 
5-30-62 3.61 2.08 2.85 
25-30-62 3.59 2.66 3.13 
5-30-92 4.52 2.35 3.44 
25-30-92 4.45 2.24 3.35 
Ida C 5-15-62 5.79 4.72 3.96 4.82 
25-15-62 6.54 5.05 4.25 5.28 
5-15-92 6.73 5.72 4.68 5.71 
25-15-92 6.78 5.72 5.50 6.00 
5-30-62 2.35 3.05 1.71 2.37 
25-30-62 4.03 3.00 1.73 2.92 
5-30-92 3.87 3.21 2.08 3.05 
25-30-92 3.97 4.99 2.61 3.86 
The first figure refers to depth of ponding head in cm 
of water, the second and third figures refer to thicknesses 
in cm of the upper and lower layers, respectively. 
214 
Table 15. Analysis of variance of the steady flow rate for 
Sorption Experiment I 
Source of 
Variation df SS MS 
Lower layer soil (A) 2 
Clarion vs. Hagener j 
Clarion and Hagener 
vs. Ida ] 
Error (a) 5 
Ponding head (B) 1 
Upper layer thickness (C) 1 






























































































Table 15 (Continued) 
Source of 
Variation df SS MS F 
ACD 2 1.3696 0.6848 
1 1.3276 1.3276 2.29 
1 0.0420 0.0420 0.07 
BCD 1 0.0092 0.0092 0.02 
ABCD 2 0.7025 0.3513 
1 0.6944 0.6944 1.20 
1 0.0081 0.0081 0.01 
Error (b) 35 20.2300 0.5780 
Total 63 237.2053 
Table 16. Mean flow rate in centimeters per day obtained in 
Sorption Experiment I for each level of the four 
factors studied 
Factor Mean flow rate 
cm day"! 
Lower layer soil 
Hagener A 4.65 
Clarion C 4.84 
Ida C 4.25 
Ponding head 
5 cm 4.14 
25 cm 4.96 
Upper layer thickness 
15 cm 5.97 
30 cm 3.12 
Lower layer thickness 
62 cm 4.26 
92 cm 4.83 
head used, the 25-cm depth gave a larger mean flow rate than 
the 5-cm depth while, for the two upper layer thicknesses, the 
mean flow rate for the 30-cm thickness was smaller than that 
for the 15-cm thickness. For the two lower layer thicknesses 
used, the 92-cm thickness gave a larger mean flow rate than 
the 62-cm thickness. Among the several possible interactions 
of the four factors, only the three-way interaction of kind 
of lower layer soil, depth of ponding head, and lower layer 
thickness was found to have significant effect on flow rate 
and then only in the comparison between Hagener A and Clarion 
C. 
From Darcy's law given by equation (2c), it is seen that 
the flow rate through a given point in a soil layer depends 
on both the hydraulic conductivity of the soil and the slope 
of the water pressure head profile at the point in question. 
For a given slope of the water pressure head profile, the 
flow rate increases with increasing hydraulic conductivity, 
and, for a given hydraulic conductivity, the flow rate de­
creases with increasing slope of the water pressure head pro­
file. When both hydraulic conductivity and slope of water 
pressure head profile are varying, the direction of the vari­
ation of flow rate depends on the combined effect of the 
variations of hydraulic conductivity and slope. For example, 
as an unsaturated soil becomes wetter its hydraulic conduc­
tivity increases so that the flow rate would tend to increase. 
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If, however, the slope of the water pressure head at the 
point in question increases as the soil becomes wetter, the 
tendency for the increased hydraulic conductivity to increase 
flow rate may be offset or even overcome by the tendency for 
the increased slope of the water pressure head profile to de­
crease the flow rate. Thus, the flow rate may increase, de­
crease, or remain unchanged depending upon the resultant ef­
fect of the two tendencies. 
The statistical observation that the mean flow rate did 
not vary with kind of lower layer soil is in agreement with 
the postulation made in the discussion of the effect of lower 
layer soil on water pressure head profile. This result is 
also in agreement with the theoretical deduction made by Kisch 
that the steady flow rate is strongly dependent on ponding 
head and virtually independent of the characteristics of the 
lower layer soil. As the same soil is used in the upper 
layer in all soil columns of this experiment and the three 
lower layer soils differ considerably in saturated hydraulic 
conductivity, texture, and perhaps structure and pore size 
distribution, the results obtained suggest that both flow 
rate and the interface water pressure head are determined 
mainly by the characteristics of the upper layer soil. Once 
the interface water pressure head and flow rate are fixed, 
the shape of the water pressure head profile in the lower 
layer for a given lower layer soil will be dictated by these 
two fixed quantities and by the relationship between the hy­
draulic conductivity and water pressure head for the lower 
layer soil in question. 
The increase in flow rate as a result of increasing 
depth of ponding head from 5 to 25 cm suggests that there was 
a significant change in the hydraulic conductivity or in the 
slope of the water pressure head profile or both at each 
depth in the soil column. Since the hydraulic conductivity 
of the upper layer soil should be approximately constant for 
each soil column, the slope of the approximately straight-
line water pressure head profile in the upper layer should 
become significantly smaller as the depth of ponding head 
became larger. That this is true is clearly seen in the water 
pressure head profiles presented in figures 17 to 22. At each 
depth in the unsaturated zone of the lower layer, an increase 
in flow rate should be accompanied by either an increase in 
water pressure head or a decrease in the slope of the water 
pressure head profile or both. This postulation is also clearly 
depicted by the experimental water pressure head profiles. 
Similar argument can be given to the observed effects of 
upper and lower layer thicknesses on flow rate to see the 
mutual dependence of flow rate and water pressure head pro­
file. 
The observation that the flow rate became significantly 
larger as the upper layer thickness became larger suggests 
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that the tendency for an increase in lower layer thickness 
to decrease water pressure heads in the upper part of the 
lower layer was overcome by the tendency for the slope of 
the water pressure head profile to decrease as a result of 
increasing the thickness of the lower layer. Thus, an in­
crease in the depth to the water table may result in a faster 
instead of slower loss of water from a clay-blanketed reser­
voir of the type mentioned in the Introduction. 
The theoretical flow rates (table 3) and the experi­
mental mean flow rates (table 14) for the saturated soil 
columns having Ida C as the lower layer soil are reproduced 
in table 1? to compare the theory with the experiment. It 
is seen from this table that the experimental flow rate tends 
to be larger than the theoretical flow rate when the upper 
layer is 15 cm thick. The reverse appears to hold when the 
upper layer is 30 cm thick. As seen in figures 27 and 28, 
in the lower layer the slope of the experimental water pres­
sure head profile is smaller than that of the corresponding 
theoretical water pressure head profile. Thus, in view of 
equation (2c), the experimental flow rate should be larger 
than the theoretical flow rate as the saturated hydraulic 
conductivity is the same in both cases. This explanation, 
however, cannot be used with the columns having an upper 
layer thickness of 30 cm since for each of these columns, 
the experimental flow rate tends to be samller than the 
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Table 17. Theoretical and experimental study flow rates in 
centimeters per day for the soil columns contain­











Flow rate, cm dav"^ 
Theoretical Experimental 
5 15 62 4.01 4.82 
25 15 62 4.99 5.28 
5 15 92 4.99 5.71 
25 15 92 5.88 6.00 
5 30 62 2.64 2.37 
25 30 62 3.19 2.92 
5 30 92 3.28 3.05 
25 30 92 3.80 3.86 
theoretical flow rate although the slope of the experimental 
lower layer profile is smaller than that of the theoretical 
lower layer profile. The explanation of this behavior is not 
known to the writer. 
Results and Discussion of Sorption Experiment II 
It is recalled that this experiment, Sorption Experiment 
II, differed from Sorption Experiment I in that the effect on 
water pressure head profile and flow rate of kind of upper 
layer soil was of interest instead of the effect of kind of 
lower layer soil. One other difference was that the effect 
of upper layer thickness was not studied. 
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Before presenting the experimental data of this experi­
ment, some theoretical predictions concerning the water pres­
sure head profile, based on the Theoretical Analysis section, 
will be given. 
Theoretically predicted results for the water pressure head 
profile 
As in Sorption Experiment I, the limiting inflow water 
pressure head was calculated from equation (47) for each 
upper layer soil and each thickness combination of the two 
soil layers. Results (table 18) show that each limiting in­
flow water pressure head is larger than both of the depths of 
ponding head (5 and 25 cm of water) employed in this experi­
ment. Furthermore, from figure 15, it is seen that Clarion 
C had the same lower limit of saturation water pressure head 
as Hagener A. Thus, since Hagener A was the only lower layer 
soil in this experiment, unsaturation is conceivable in both 
the upper and lower layers in each soil column containing 
Clarion C as the upper layer soil as shown in case I of two-
layer soil in the Theoretical Analysis section. 
In other words, for each soil column containing Clarion 
C in this experiment, the water pressure head profile would 
be curvilinear in both the upper and lower layers. In the 
case in which Edina or Edina-sand is the upper layer soil, 
the lower limit of saturation water pressure head of the 
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Table 18. Theoretical limiting inflow water pressure heads 
below which unsaturation is to be expected in the 







water pressure head 
cm of water 
Edina 92 11,559 
122 11,559 
Edina-sand 92 3,248 
122 3,248 
Clarion C 92 449 
122 449 
lower layer soil (Hagener A) is larger than that of the upper 
layer soil (see figures 15 and 16), so that unsaturation would 
always be present in the lower layer of each column; in the 
upper layer, unsaturation may or may not occur depending on 
the magnitude of the interface water pressure head. If the 
interface water pressure head is smaller than -95 cm of water 
(figure 16), then unsaturation would occur in the upper layer 
containing Edina. Similarly, if the interface water pressure 
head is smaller than -30 cm of water (figure 16), unsaturation 
would be expected in the upper layer containing Edina-sand. 
In any case, the water pressure head profiles in the lower 
layer should all be curvilinear in this experiment as shown in 
case III of two-layer soil in the Theoretical Analysis section. 
PP3 
Experimentally obtained water pressure head profiles 
The water pressure head data obtained in Sorption Experi­
ment II are found in tables 52 to 57 in the Appendix and the 
corresponding water pressure head profiles are presented in 
figures 31 to 33. 
It is seen from figures 31 to 33 that each water pressure 
head profile is similar in shape to those obtained with Hagener 
A as the lower layer soil in Sorption Experiment I (figures 17 
and 18) in that, as depth increases, the water pressure head 
always decreases in the upper layer and always increases in 
the lower layer with the interface water pressure head being 
the smallest for each profile. Unlike the profiles obtained 
in the Sorption Experiment I, however, a water pressure head 
profile in the upper layer of this experiment does not always 
approximate a straight line and the pressure build-up at the 
5-cm depth (figures 31 to 33) appears to be less pronounced 
when Edina-sand or Clarion C was the upper layer soil. More­
over, the rate of increase in water pressure head with respect 
to depth in the lower layer is much closer to zero in the 
upper two-thirds of the lower layer thickness when Edina-
sand or Clarion C is the upper layer soil (figures 31 to 33). 
Each water pressure head profile is seen to be curvilinear 
in the lower layer, which is in agreement with the theoretical 
prediction made for this experiment. Also, curvilinear pro­
files are evident in the upper layer containing Clarion C 
Figure 31. Water pressure head profiles» obtained experi­
mentally in Sorption Experiment II for the soil 
columns containing Edina in the upper layer and 
Hagener A in the lower layer, showing the effects 
of depth of ponding head and lower layer thick­
ness 
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Figure 32. Water pressure head profiles, experimentally 
obtained in Sorption Experiment II for the 
soil columns containing Edina-sand in the 
upper layer and Hagener A in the lower layer, 
showing the effects of depth of ponding head 
and lower layer thickness 
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Figure 33. Water pressure head profiles, experimentally 
obtained in Sorption Experiment II for the 
soil columns containing Clarion C in the 
upper layer and Hagener A in the lower layer, 
showing the effects of depth of ponding head 
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which also agrees with the theoretical prediction. 
The analyses of variance of water pressure heads ob­
tained at 5 cm above the interface, 1 and 15 cm below the 
interface, and 10 and 30 cm above the outflow end are pre­
sented in tables 19 to 23. For each of these locations, 
the mean water pressure heads for each level of the three 
factors (upper layer soil, depth of ponding head, and lower 
layer thickness) under investigation and for each inter­
action effects found by the statistical analysis to be sig­
nificant are found in tables 24 and 25. 
Effect of kind of upper layer soil on water pressure 
head profile To illustrate the effect of kind of upper 
layer soil on water pressure head profile, six of the twelve 
water pressure head profiles shown in figures 31 to 33 are 
regraphed in figures 34 and 35. It is seen from these two 
figures that kind of upper layer soil had a marked effect 
on the water pressure head at each location in the soil 
column. The statistical analysis (tables 19 to 25) shows 
the following. 
For the five locations selected for the statistical 
analysis, the mean water pressure head at each location in 
the lower layer varied markedly and highly significantly 
with kind of upper layer soil; at 5 cm above the interface, 
the mean water pressure heads for the three upper layer soils 
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Table 19. Analysis of variance of water pressure head ob­
tained in Sorption Experiment II at 5 cm above 
the interface 
Source of 
Variation df SS MS F 
Upper layer soil (A) 2 79.4706 39.7353 3.37 
Ponding head (B) 1 337.1243 337.1243 28.56** 
Lower layer thickness (C) 1 1.2376 1.2376 0.10 
AB 2 528.3889 264.1945 22.38** 
AC 2 0.7443 0.3722 0.03 
BC 1 1.2467 1.2467 0.11 
ABC 2^ 13.6109 6.8055 0.58 
Error 12. 141.6364 11.8030 
Total 23 1103.4597 
Highly significant. 
Table 20, Analysis of variance of water pressure head ob­
tained in Sorption Experiment II at 1 cm below 
the interface 
Source of 
Variation df SS MS F 
A 2 2173.6895 1086.8448 183.53** 
B 1 111.4565 111.4565 18.82** 
C 1 5.0050 5.0050 0.85 
AB 2 131.6999 65.8500 11.12** 
AC 2 11.1531 5.5766 0.94 
BC 1 0.0131 0.0131 0.002 
ABC 2 0.3001 0.1501 0.03 
Error 12 71.0623 5.9219 
Total 23 2504.3795 
Highly significant. 
23? 
Table 21. Analysis of variance of water pressure head ob­
tained in Sorption Experiment II at 15 cm below 
the interface 
Source of 
Variation df SS MS F 
A 2 1812.4653 906.2227 188.54** 
B 1 78.5178 78.5178 16.34** 
C 1 1.4455 1.4455 0.30 
AB 2 101.6055 50.8028 10.57** 
AC 2 18.9996 9.4998 1.98 
BC 1 0.0316 0.0316 0.01 
ABC 2 0.4641 0.2321 0.05 
Error 12 57.6789 4.8066 
Total 23 2071.2083 
Highly significant. 
Table 22. Analysis of variance of water pressure head ob­
tained in Sorption Experiment II at 10 cm above 
outflow end. 
Source of 
Variation df SS MS F 
A 2 17.8145 8.9073 73.97** 
B 1 0.5985 0.5985 4.97* 
C 1 0.0513 0.0513 0.43 
AB 2 0.4783 0.2392 1.99 
AC 2 0.2417 0.1209 1.00 
BC 1 0.0532 0.0532 0.44 
ABC 2 0.0250 0.0125 0.10 
Error 12 1.4450 0.1204 




Table 23. Analysis of variance of water pressure head ob­
tained in Sorption Experiment II at 30 cm above 
outflow end 
Source of 
Variation df SS MS F 
A 2 653.4050 326.7025 150.54** 
B 1 19.9653 19.9653 9.20* 
C 1 0.0005 0.0005 0.0002 
AB 2 10.5796 5.2898 2.44 
AC 2 0.2686 0.1343 2.06 
BC 1 0.0009 0.0009 0.0004 
ABC 2 0.3669 0.1835 0.08 
Error 12 26.0432 2.1703 
Total 23 710.6300 
Highly significant. 
Significant. 
Table 24. Mean water pressure heads in centimeters of water 
at 5 cm above, 1 cm below, and 15 cm below the 
interface obtained in Sorption Experiment II for 
each level of the three factors studied and for 
each interaction that shows a significant effect 
Upper layer soil 
Edina Edina-sand Clarion C 
5 cm above the interface 
Ponding head 
5 cm -15.41 -11.23 - 4.92 -10.52 
25 cm - 1.18 2.80 -10.69 - 3.02 
Lower layer thickness 
92 cm - 7.00 
122 cm - 6.55 
- 8.30 - 4.21 - 7.81 
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Table 24 (Continued) 
Upper layer soil 
Ediaa Edina-sand Clarion C Mean 
cm below the interface 
Ponding head 
5 cm -45.41 -39.27 -20.51 -35,06 
25 cm -42.62 -28.61 -21.03 -30.75 
Lower layer thickness 
92 cm -- -- -- -33.36 
122 cm -- -- -- -32,45 
-44,01 -33,94 -20,77 
15 cm below the interface 
Ponding head 
5 cm -42,84 -35,76 -20.12 -32.91 
25 cm -40,58 -26,56 -20.73 -29.29 
Lower layer thickness 
92 cm -- -- -- -31,34 
122 cm -- -- -- -30.85 
-41.71 -31.16 -20.42 
Table 25. Mean water pressure heads in centimeters of water 
at 10 and 30 cm above the outflow end obtained in 
Sorption Experiment II for each level of the three 
factors studied and for each interaction that shows 
a significant effect 
Water pressure head 
Factor 10 cm above 30 cm above 
outflow end outflow end 
Upper layer soil 
Edina -11, .51 -29. 38 
Edina-sand -11. 61 -26. 77 
Clarion C - 9. 73 -17. 24 
Table 25 (Continued) 
Factor 
Water 
10 cm above 
outflow end 
pressure head 
30 cm above 
outflow end 
Ponding head 
5 cm -11.11 -25.38 
25 cm -10.79 -23.55 
Lower layer thickness 
92 cm -10.91 -24.47 
122 cm -11.00 -24.46 
did not differ significantly from one another. At each lo­
cation in the lower layer, the mean water pressure head was 
largest when the upper layer soil was Clarion C, intermediate 
when the upper layer soil was Edina-sand, and smallest when 
the upper layer soil was Edina. At 1 or 15 cm below the 
interface, the difference between the mean water pressure 
head obtained with Edina-sand as the upper layer soil and 
that obtained with Edina as the upper layer soil was signif­
icantly smaller when the depth of ponding head was 5 cm of 
water than when the depth of ponding head was 25 cm of water. 
On the other hand, at each of these two locations (1 and 15 
cm below the interface), the difference between the mean water 
pressure head obtained with Clarion C as the upper layer soil 
and that obtained with Edina-sand as the upper layer soil was 
significantly larger when the depth of ponding head was 5 cm 
of water than when the depth of ponding head was 25 cm of 
Figure 34. Water pressure head profiles, experimentally 
obtained in Sorption Experiment II for soil 
columns containing Hagener A in the lower 
layer and having a lower layer thickness of 
92 cm and a depth of ponding head of 5 cm of 
water, showing the effect of upper layer soil 
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Figure 35. Water pressure head profiles, experimentally 
obtained in Sorption Experiment II for soil 
columns containing Hagener A in the lower 
layer and having a lower layer thickness of 
122 cm and a depth of ponding head of 25 cm 
of water, showing the effect of upper layer 
soil 
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water. At each of the other two locations in the lower layer 
(10 and 30 cm above the outflow end), the magnitude of the 
variation of the mean water pressure head was independent of 
depth of ponding head and, at each of the five locations sel­
ected for the statistical analysis, the magnitude of the 
variation of the mean water pressure head with kind of upper 
layer soil was independent of lower layer thickness. 
Although the mean water pressure head at 5 cm above the 
interface was found to be statistically the same for the 
three upper layer soils, the shape of the water pressure head 
profile in the upper layer differs with different upper layer 
soils (figures 34 and 35). While the upper layer profiles 
obtained with Edina and Edina-sand tended to be linear, a 
curvilinear shape of the water pressure head profile was 
apparent in each of the upper layer containing Clarion C. 
An examination of the moisture worption curves in figure 16 
reveals that at a water pressure head of -20 cm of water, 
which is approximately the interface water pressure with 
Clarion C as the upper layer soil, the water content of 
Clarion C is about 75 per cent of the saturation percentage. 
Similar examinations of the moisture sorption curves for 
Edina-sand and Edina show that the water content of Edina 
is approximately 90 per cent of its saturation percentage and 
that of Edina-sand is about 80 per cent of its saturation per­
centage. Thus, for the three upper layer soils used, un-
2^1 
saturation in the upper layer should occur at the largest 
extent when the upper layer soil is Clarion C, Consequently, 
a curvilinear shape of the water pressure head profile in the 
upper layer should be most pronounced when the upper layer 
soil is Clarion C. 
The importance of kind of upper layer soil in determin­
ing the water pressure head at each depth in a two-layered 
soil column is clearly expressed by the result of this experi­
ment. It is noted from table 1 that the saturated hydraulic 
conductivities of the three upper layer soils follow the re­
lation Clarion > Edina-sand > Edina. With a positive ponding 
head being maintained at the surface, a saturated zone is 
conceivable at least in the upper part of the upper layer 
regardless of the kind of upper layer soil. As the water 
moves downward through this saturated zone, it will experience 
less frictional resistance, the larger the hydraulic conduc­
tivity of the saturated zone. As a consequence, the energy 
that remains in the water as it emerges from the saturated 
zone will be larger for a saturated zone of larger saturated 
hydraulic conductivity. The drier soil immediately below 
the saturated zone will thus wet to a larger water pressure 
as a result of a larger energy in the wetting water. The 
larger water pressure of the soil is, in turn, accompanied 
by a smaller frictional resistance of the soil to the move­
ment of the water. Thus, it is apparent that, for the three 
2^ 2 
upper layer soils used, the interface water pressure heads 
will follow the relation Clarion C > Edina-sand > Edina. As 
the water continues to move downward into the lower layer, 
the lower layer soil will wet in accordance with the energy 
status of the wetting water. Because the energy that remains 
in the water that reaches the interface is larger for an upper 
layer soil of larger saturated hydraulic conductivity, a 
larger water pressure head is to be expected at each depth 
in the lower layer, the larger the saturated hydraulic con­
ductivity of the upper layer soil. 
The influence of kind of upper layer soil on water pres­
sure head, though significant at all depths, decreases as 
depth increases. Thus, when a much larger positive shift in 
the interface water pressure head is accompanied by a much 
smaller positive shift in the water pressure head at a given 
depth near the outflow end as a result of an increase in the 
saturated hydraulic conductivity of the upper layer soil, 
the difference between the final interface water pressure 
head and the final water head at the given depth near the 
outflow end can be very small. As a result, the water pres­
sure head profile between the interface and the depth in 
question approaches a vertical line. It is to be noted, 
however, that a perfectly vertical water pressure head pro­
file does not appear to be theoretically possible as pointed 
out in the Theoretical Analysis section and none of the profiles 
O/l o 
obtained in this experiment exhibits a perfectly vertical 
portion. 
Effect of depth of ponding head on water pressure head 
profile The effect of depth of ponding head on water 
pressure head profile for Sorption Experiment II may be seen 
in figures 31 to 33. From these figures, it is observed 
that, for a given lower layer thickness, the water pressure 
head profile obtained with the 25-cm depth of ponding head 
does not differ considerably from that obtained with the 5-cm 
depth of ponding head when Edina or Clarion C is the upper 
layer soil. However, when Edina-sand is the upper layer soil, 
the water pressure head at each depth is much larger for the 
25-cm depth of ponding head than for the 5-cm depth of pond­
ing head. The statistical analysis (tables 19 to 25) reveals 
the following. 
The 25-cm depth of ponding head gave a significantly 
larger mean water pressure head than the 5-cm depth of pond­
ing head at each of the locations selected for the statis­
tical analysis. While the difference between the effects of 
the two depths of ponding head on water pressure head was 
independent of kind of upper layer soil or of lower layer 
thickness at 10 and 30 cm above the outflow end, the differ­
ence depended upon upper layer soil at all other locations 
for which the statistical analysis was made. At 5 cm above 
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the interface, the mean water pressure head for the 25-cm 
depth of ponding head was larger than that for the 5-cm 
depth of ponding head when the upper layer soil was Edina 
or Edina-sand; the reverse was true when the upper layer 
soil was Clarion C. At 1 or 15 cm below the interface, the 
difference between the mean water pressure heads for the two 
depths of ponding head was significantly larger when Edina-
sand was the upper layer soil than when Edina or Clarion C 
was the upper layer soil. 
The increase in water pressure head at each depth should 
be expected to accompany an increase in the depth of ponding 
head. The energy of the water before it enters the soil is 
higher, the larger the depth of ponding head. As a conse­
quence, the energy that remains in the water when it reaches 
the interface will be higher at a larger depth of ponding 
head and hence a larger interface pressure head should re­
sult, By a similar argument as in the discussion of the 
effect of upper layer soil, it can be shown that the water 
pressure head at each depth will be larger with a larger 
depth on ponding. 
The interaction between depth of ponding head and kind 
of upper layer soil in their effects on water pressure head 
is of interest. With Clarion C as the upper layer soil, a 
negative instead of positive shift in the water pressure head 
profile in the upper layer accompanied the change in the 
2/J5 
depth of ponding head from 5 to 25 cm of water while the 
water pressure head profile in the lower layer remained un­
changed as evident in figure 33. Furthermore, the flow rate 
obtained with the 25-cm depth of ponding head was almost 
twice that obtained with the 5-cm depth of ponding head as 
will be seen later. While the negative shift in the water 
pressure head profile in the upper layer is in harmony with 
the increase in flow rate, the behavior of the water pres­
sure head profile in the lower layer does not explain the 
increase in flow rate unless the hydraulic conductivity of 
the lower layer soil could increase while the water pressure 
head remains at the same negative value. 
Effect of lower layer thickness on water pressure head 
profile The water pressure head profiles for the two 
lower layer thicknesses, 92 and 122 cm, used in Sorption 
Experiment II are shown in figures 31 to 33. It is seen 
from these figures that, for a given depth of ponding head 
and a given kind of upper layer soil, the water pressure 
head profiles for the two lower layer thicknesses do not 
appear to differ appreciably in the upper and lower 30-cm 
zones of each soil column. The statistical analysis (tables 
19 to 25) also reveals, at each of the five locations se­
lected, no significant difference between the mean water 
pressure heads obtained with the two lower layer thicknesses. 
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It appears» therefore, that, for a given depth of ponding 
head, the interface water pressure head is influenced more 
by the kind of upper layer soil while that at 30 cm above 
the outflow end is influenced more by the kind of lower layer 
soil. As a result, the difference between the interface 
water pressure head and that at 30 cm above the outflow end 
becomes smaller as the lower layer thickness increases. 
Therefore, that portion of the water pressure head profile 
in lower layer between the interface and the level about 30 
cm above the outflow end will approach a vertical line as the 
lower layer becomes thicker. This is indeed depicted by the 
water pressure head profiles of figures 31 to 33. 
Steady flow rate 
As for Sorption Experiment I, only steady flow rates 
(table 26) are presented for this experiment. Sorption Ex­
periment II. A comparison of these flow rates with the ap­
propriate saturated hydraulic conductivity values in table 
1 reveals that each flow rate is larger than the saturated 
hydraulic conductivity of the upper layer soil and smaller 
than the saturated hydraulic conductivity of the lower layer 
soil of the soil column from which the flow rate was obtained. 
This is in agreement with one of the conclusions of Takagi 
pointed out in the Review of Literature section. 
Analysis of variance (table 27) indicates that among the 
Table 26. Steady flow rates in centimeters per day ob­
tained in Sorption Experiment II 
Upper Lower 
Layer Layer 5-cm Ponding Head 25-cm Ponding Head 
Soil Thickness I II Mean I II Mean 
cm 
Edina 92 4, .46 5, .04 4, .75 6, .47 4, .99 5, .73 
122 5, .52 4. 92 5. 23 6. ,03 5, .69 5, .86 
Edina-sand 92 11, .36 14, .24 12. 80 16, .12 20, .86 18, .49 
122 13. 31 13. 03 13. 17 19. 51 17, .84 18. 68 
Clarion C 92 80. 92 60. ,70 70. ,81 124. 77 110. 86 117, .82 
122 76, .49 63. 08 69. ,79 117. 14 103. 85 110, .50 
Table 27. Analysis of variance of the steady flow rate data 
reported in table 26 
Source of 
Variation df SS MS F 





Ponding head (B) 1 1692.6006 1692.6006 40. 
Î C
O 00 
Lower layer thickness (C) 1 8.0158 8.0158 0. 19 
AB 2 2218.7617 1109.3809 26. 76** 
AC 2 27.3234 13.6617 0. 33 
BC 1 8.3426 8.3426 0. 20 
ABC 2 11.6649 5.8325 0. 14 
Error 12 497.5171 41.4597 
Total 23 40474.6949 
Highly significant. 
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three factors under study, only kind of upper layer soil and 
depth of ponding head had significant effects on flow rate 
and that these two factors interacted significantly in their 
effects on flow rate. From the mean flow rates (table 28), 
it is seen that, for the three upper layer soil, Clarion C 
gave the largest and Edina the smallest mean steady flow 
rate through the two-layered soil columns. Between the two 
depths of ponding head used, it is seen that the 25-cm depth 
gave a significantly larger flow rate than the 5-cm depth. 
The increase in flow rate as a result of the increase in 
depth of ponding head from 5 to 25 cm of water was largest 
when Clarion C was the upper layer soil, intermediate when 
Edina-sand was the upper layer soil, and smallest when Edina 
was the upper layer soil. For the 5-cm depth of ponding 
head and as may be calculated from table 27, the mean flow 
rate for Edina-sand was about 2.5 times that for Edina, and 
that for Clarion C was about 5.5 times that for Edina-sand; 
these two figures changed to approximately 3.7 and 6, re­
spectively, when the depth of ponding head was 25-cm of water. 
The observed variation in flow rate with kind of upper 
layer soil may be due to the variation with kind of upper 
layer soil of the water pressure profile in the lower layer. 
It was pointed out (figures 31 to 33) that the water pressure 
head at a given depth in the lower layer soil was largest 
when Clarion C was the upper layer soil, intermediate when 
OAQ 
Table 28, Mean flow rate in centimeters per day obtained 
in Sorption Experiment II for each level of the 
three factors studied and for each interaction 
that shows a significant effect 
Edina 
Upper layer soil 
Edina-sand Clarion C Mean 
Ponding head 
5 cm 4.86 
25 cm 5.79 











5.33 15.78 92.23 
Edina-sand was the upper layer soil, and smallest when Edina 
was the upper layer soil. The hydraulic conductivity at each 
depth in the lower layer soil should, therefore, be largest 
when Clarion C was the upper layer soil and smallest when 
Edina was the lower layer soil, as the water pressure head 
at each depth in the lower layer was negative. In addition, 
at a given depth in the lower layer, the slope of the water 
pressure head profile was seen to be smallest when Clarion 
C was the upper layer soil and largest when Edina was the 
upper layer soil. The high hydraulic conductivity, due to 
relatively low negative water pressure head, coupled with 
small slope at a given depth in the lower layer when Clarion 
C was the upper layer soil should result in a high flow 
rate as can be seen from equation (2c). On the other hand, 
the relatively high negative water pressure head and rela­
tively large slope of the water pressure head profile at a 
given depth in the lower layer that occurred when Edina was 
the upper layer soil should result in a low flow rate. 
Although similar explanation as in the preceding para­
graph can be used for the variation of flow rate with depth 
of ponding head when the upper layer soil was Edina-sand or 
Edina, the explanation is not entirely clear when Clarion C 
was the upper layer soil. As seen from figure 33, the mag­
nitude of the water pressure head at each depth in the lower 
layer is about the same for both the 25- and 5-cm depths of 
ponding head. Yet, the flow rate obtained with the 25-cm 
depth is almost twice as much as that obtained with the 5-cm 
depth (table 28). The negative shift of the water pressure 
head profile in the upper layer and the decrease, though 
small, in the slope of the approximately saturated zone above 
the outflow end of the soil column, however, appear to support 
the increased flow rate observed with the 25-cm depth of pond­
ing head. It is also noted from the moisture sorption curve 
of Hagener A (figure 15) that the rate of change of water 
content with respect to water pressure head is largest at a 
pressure of about -20 cm of water, which is approximately the 
water pressure head in the upper part of the lower layer when 
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Clarion C is the upper layer soil. Thus, it is possible that 
at this water pressure head, the rate of change of the sorp­
tion unsaturated hydraulic conductivity of Hagener A with 
respect to water pressure head is very large so that a small 
change in water pressure, which may not be detectable by the 
tensiometer used, may give rise to a large change in the un­
saturated hydraulic conductivity and hence in the flow rate. 
Results and Discussion of Desorption Experiment 
As stated in the Materials and Methods section, the ob­
jective of the desorption experiment was to study the effects 
of kind of lower layer soil and magnitude of outflow water 
pressure head on flow rate and water pressure head profile 
during steady vertically downward flow of water through col­
umns of two-layered soil when the steady flow was attained 
through a desorption process. That is, each soil column of 
this experiment was initially saturated rather than dry as 
in Sorption Experiments I and II, Four non-negative outflow 
pressure heads were applied in succession in a decreasing 
order so that, for each outflow water pressure head, the 
steady flow was arrived at by way of a desorption process. 
Other differences between this experiment and the two Sorp­
tion Experiments were; (1) only a single depth of ponding 
head (5 cm of water) was employed, (2) only one upper layer 
thickness and one lower thickness were used, and (3) a gamma-
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ray absorption technique was used to determine bulk density 
and water content distributions in each soil columns. 
Bulk density profiles 
The bulk density profiles were obtained by use of a 
gamma-ray absorption technique to see how uniformly the upper 
and lower layer soils were packed. (The gamma-ray apparatus 
was not available when Sorption Experiments I and II were con­
ducted . ) 
The bulk density values obtained from the gamma-ray 
absorption data are given in table 62 in the Appendix and 
are plotted against depth in the soil column in figure 36 
for the two pairs of column replicates used in this experi­
ment. In the upper layer, the bulk density is seen to be 
smaller near the upper surface than near the interface of 
the two soil layers, indicating that stratification occurred 
near the upper surface of each soil column. There was good 
agreement among the bulk density values obtained-.for the 
lower half of the upper layer soil which was intended to be 
the same for the four columns; the largest difference be­
tween two bulk density values was 0.032 g cm"^ for the lower 
halves of the four upper layers. For the two lower layer 
soils. Clarion C had smaller bulk density than Hagener A for 
each depth below the upper surface. The bulk density values 
of Clarion C were within +0.063 g cm" of each other and 
Figure 36, Bulk density profiles for the four soil 
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those of Hagener A were within +0.065 g cm ^ of each other 
throughout the lower layer thickness both within and between 
the column replicates. 
If bulk density can be used as a measure of variation 
in packing of the soil particles, it may be said, on the 
basis of the observations noted in the preceding paragraph, 
that the packing procedure employed in the three experiments 
reported in this dissertation was a satisfactory procedure. 
It should be noted, however, that the bulk density value nea 
the upper surface of each soil column was still lower than 
the values at lower depths in the upper layer although an 
attempt was made to avoid this by packing the column 5 to 
10 cm longer than needed and then removing the extra soil. 
It might have been desirable to have increased the thickness 
of the extra soil in order to decrease the difference be­
tween the bulk density value near the upper surface and 
those at the lower depths in the upper layer. 
Theoretically predicted results for the water pressure head 
profile 
As in Sorption Experiments I and II, equation (47) was 
used to obtain the limiting inflow water pressure head below 
which unsaturation may be expected in each of the four soil 
columns for each of the three smaller ones of the four out­
flow water pressure heads used in the desorption experiment. 
Results (table 29) show that each limiting inflow water pres­
sure head is larger than 5 cm of water, the depth of ponding 
head employed in this experiment. Thus, unsaturation would, 
by the inequality (46), be expected to occur in each of the 
four soil columns for each of the three smaller ones of the 
four outflow water pressure heads used. 
For each soil column of this experiment, the lower limit 
of saturation water pressure head of the lower layer soil is 
larger (less negative) than that of the upper layer soil 
(figures 15 and 16). This observation indicates, on the 
basis of the results of Case III of two-layer soil in the 
Theoretical Analysis section, that unsaturation would occur 
in the lower layer of each column for each of the three out­
flow water pressure heads indicated in the preceding para­
graph. In other words, for each of those three outflow water 
pressure heads, each water pressure head profile would be 
curvilinear in the lower layer. In the upper layer, unsatu­
ration would be present or absent according as the interface 
water pressure head is smaller or not smaller than -95 cm of 
water, the lower limit of saturation water pressure head of 
the upper layer soil (figure 16). 
Experimentally obtained water pressure head profiles 
The water pressure head data of the desorption experi­
ment are reported in tables 58 to 61 in the Appendix and the 
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Table 29. Theoretical limiting inflow water pressure head 
below which unsaturation is to be expected in the 





cm of water 
Theoretical limiting 
inflow pressure 
cm of water 
Hagener A 45 3,301 
15 6,592 
0 8,238 
Clarion C 45 199 
15 306 
0 359 
corresponding water pressure head profiles are found in fig­
ures 37 and 38. To facilitate comparisons between the two 
lower layer soils, the water pressure head profiles in fig­
ures 37 and 38 are regraphed, according to outflow water 
pressure head, in figures 39 to 42. 
Figures 37 and 38 show that, in general, the water pres­
sure head decreases in the upper layer and increases in the 
lower layer as depth increases. The interface water pressure 
head is the smallest water pressure head for each water pres­
sure head profile when the outflow water pressure head is 
smaller than or equal to 45 cm of water. The water pressure 
head at each depth varies with kind of lower layer soil and 
magnitude of outflow water pressure head. The statistical 
analysis (tables 30 to 36) shows the following. 
Figure 37, Water pressure head profiles, experimentally 
obtained in the desorption experiment for 
the soil columns containing Hagener A of 105.5 
cm thickness in the lower layer and Edina of 
15 cm thickness in the upper layer and having 
a depth of ponding head of 5 cm of water, show­
ing the effect of magnitude of outflow water 
pressure head. The upper scale is for the 
profile with open-circle data points 
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Figure 38. Water pressure head profiles, experimentally 
obtained in the desorption experiment for the 
soil columns containing Clarion C of 105.5 cm 
thickness in the lower layer and Edina of 15 
cm thickness in the upper layer and having a 
depth of ponding head of 5 cm of water, show­
ing the effect of magnitude of outflow water 
pressure head. The upper scale is for the 
profile with open-circle data points 
261 
WATER PRESSURE HEAD, CM OF WATER 
0 10 20 30 40 50 60 70 80 90 100 110 




















Figure 39. The water pressure head profiles, obtained 
in the desorption experiment for the outflow 
water pressure head of 105 cm of water, 
showing the effect of lower layer soil 
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Figure 40. The water pressure head profiles, obtained 
in the desorption experiment for the outflow 
water pressure head of 45 cm of water, showing 
the effect of lower layer soil 
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Figure 41. The water pressure head profiles, obtained 
in the desorption experiment for the outflow 
water pressure head of 15 cm of water, show­
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Figure 42. The water pressure head profiles, obtained 
in the desorption experiment for the out­
flow water pressure head of 0 cm of water, 
showing the effect of lower layer soil 




Table 30. Analysis of variance of water pressure head at 
the depth of 10 cm in the desorption experiment 
Source of 
Variation df SS MS F 
Lower layer soil (A) 1 212.5764 212.5764 52.51** 
Outflow pressure (B) 3 1892.5215 630.8403 155.82** 
Interaction (AB) 3 66.3484 22.1161 5.46* 
Error 8 32.3886 4.0486 
Total 15 2203.8349 
Highly significant. 
*Significant, 
Table 31. Analysis of variance of water pressure head at 
the depth of 16 cm in the desorption experiment 
Source of 
Variation df SS MS F 
A 1 1119.4055 1119.4055 64.82** 
B 3 8021.3594 2673.7864 154.82** 
AB 3 355.9651 118.6550 6.87* 
Error 8 138.1599 17.2700 




Table 32. Analysis of variance of water pressure head at 
the depth of 30 cm in the desorption experiment 
Source of 
Variation df SS MS F 
A 1 1848.1377 1848.1377 90.60** 
B 3 11897.6602 3965.8867 194.41** 
AB 3 373.7874 124.5958 6.11* 
Error 8 163.1970 20.3996 




Table 33. Analysis of variance of water pressure head at 
the depth of 60 cm in the desorption experiment 
Source of 
Variation df SS MS F 
A 1 1914.2793 1914.2793 117.51** 
B 3 18919.0469 6306.3477 387.13** 
AB 3 377.2253 125.7418 7.72** 
Error 8 130.3215 16.2902 
Total 15 21340.8730 
Highly significant. 
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Table 34. Analysis of variance of water pressure head at 
the depth of 90 cm in the desorption experiment 
Source of 
Variation df SS MS 
A 1 654.4631 654.4631 123.87** 
B 3 22300.8750 7433.6250 1406.93** 
AB 3 135.2042 45.0681 8.53** 
Error 8 42.2685 5.2836 
Total 15 23132.8108 
Highly significant. 
Table 35. Analysis of variance of water pressure head at 
the depth of 110 cm in the desorption experiment 
Source of 
Variation df SS MS 
A 1 73.7456 73.7456 56.39** 
B 3 24776.4531 8258.8264 6315.21** 
AB 3 14.6707 4.8902 3.74 
Error 8 10.4621 1.3078 
Total 15 24875.3315 
Highly significant 
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Table 36. Mean water pressure heads in centimeters of water, 
obtained at the six depths selected for the sta­
tistical analysis in the desorption experiment, 
showing the effect of each level of the two factors 
studied and the effects of each interaction between 
the two factors 
Outflow Lower laver soil 
P pressure Hagener A Clarion C nf H n 
cm of HgO cm of H^O cm of H^O "2° 
10 105 5.78 9.47 7.62 
45 -17.49 - 4.31 -10.90 
15 -21.95 -12.97 -17.46 
0 021.96 -18.65 -20.31 
-13.91 - 6.62 
16 105 1.66 10.59 6.13 
45 -51.45 -19.87 -35.66 
15 -55.16 -36.96 -46.06 
0 -54.57 -46.36 -50.47 
-39.88 -23.15 
30 105 15.22 23.35 19.28 
45 -45.40 -11.33 -28.37 
15 -57.03 -30.85 -43.94 
0 -59.22 -41.61 -50.42 
-36.61 -15.11 
60 105 45.15 50.85 48.00 
45 -14.65 8.41 - 3.12 
15 -44.43 -14.09 -29.26 
0 -55.77 -27.37 =41.57 
17.43 4.45 
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Table 36 (Continued) 
no^+K Outflow Lower laver soil 
P pressure Hagener A Clarion C mf H n 
'=" cm of HgO Cm of H^O cm of H^O "2° 
90 105 75.10 78.32 76.71 
45 14.98 28.00 21.49 
15 -14.97 2.49 - 6.24 
0 -29.83 -12.36 -21.10 
11.32 24.11 
110 105 95.17 96.32 95.75 
45 34.94 39.29 37.12 
15 4.95 10.83 7.89 
0 -10.02 - 4.22 - 7.12 
31.26 35.56 
Both kind of lower layer soil and magnitude of outflow 
water pressure head had highly significant effects on the 
water pressure head at each of the six locations selected 
for the statistical analysis. Furthermore, the two factors 
showed significant interactions in their effects on the water 
pressure head at each of the depths selected, except at the 
depth of 110 cm (10 cm above the outflow end) where the sta­
tistical analysis reveals no significant interaction between 
the two factors. At each of the selected depths, the mean 
water pressure head (table 36 and figures 39 to 42) was 
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significantly smaller when Hagener A was the lower layer 
soil than when Clarion C was the lower layer soil. Similarly, 
for the four outflow pressure heads investigated, the water 
pressure head at each depth became significantly smaller as 
the outflow water pressure head became smaller. The dif­
ference between the water pressure head profile for Hagener 
A and that for Clarion C increased significantly when the out­
flow water pressure head was decreased from 105 to 45 cm of 
water; the difference tended to decrease with each successive 
decrease in outflow water pressure head as is evident in 
figures 39 to 42. The magnitude of the decrease in water 
pressure head at each depth as a result of each successive 
decrease in outflow water pressure head also differed sig­
nificantly with different lower layer soils. While Hagener 
A showed larger decreases in water pressure heads at all 
depths for the decrease of outflow water pressure head from 
105 to 45 cm of water, Clarion C showed larger decreases for 
each of the other two successive decreases of outflow water 
pressure head. 
At the outflow water pressure head of 105 cm of water, 
all of the observed water pressure heads were positive, in­
dicating that the soil columns were entirely saturated. 
Theoretically [equations (43a) and (43b)], each water pres­
sure head profile should consist of two straight line segments, 
one in the upper layer and the other in the lower layer. 
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meeting each other at the interface. The observed water 
pressure head profiles followed the theoretical trend only 
in the lower layer. The effect of swelling in the upper 5 
cm of the upper layer is believed to be the cause of the 
curvilinear water pressure head profiles in the upper layer. 
In the presence of swelling, saturated hydraulic conductivity 
of the upper 5 cm of the upper layer presumably was larger 
than that of the rest of the upper layer. As a consequence, 
there was a pressure build-up at the 5 cm depth causing the 
water pressure head profile in the upper layer to be curvi­
linear. It is to be recalled (figure 36) also that for each 
soil column, the bulk density at the 2.5 cm was smaller than 
the values at lower depths in the upper layer. Thus, a pres­
sure build-up in the upper 5-cm zone of the upper layer is 
conceivable even in the absence of swelling. 
For the outflow water pressure of 105 cm of water, the 
theoretical interface water pressure head calculated from 
equation (38) is 0.02 cm for Hagener A and 4.40 cm for 
Clarion C. Each of these theoretical values is smaller than 
the corresponding observed interface water pressure head as 
approximated by the observed water pressure head at 1 cm be­
low the interface. The theoretical slopes of the straight-
line water pressure head profiles are calculated from equa­
tion (43b) as 0.998 and 0.958 cm per cm for Hagener A and 
Clarion C, respectively. Each of these theoretical slopes 
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is larger than the corresponding observed slope. The dis­
crepancies between the theoretical and observed interface 
water pressure heads may be due to the observed pressure 
build-up in the 5-cm zone immediately below the inflow end. 
Such a pressure build-up would tend to increase the water 
pressure heads at lower depths in the upper layer. The 
discrepancy between theoretical and observed slopes is a 
consequence of the discrepancy between theoretical and ob­
served interface water pressure heads as the theoretical and 
observed outflow water pressure heads are equal. 
The observed trend of water pressure head in the lower 
layer of the two saturated profiles (figure 39) agrees 
qualitatively with the trend predicted by equation (43b), 
i.e., the water pressure head increases at constant rate as 
depth increases in the lower layer. It is also seen from 
equation (41e) that for a given combination of depth ponding 
head, kind of upper layer soil, upper layer thickness, and 
lower layer thickness, the interface water pressure head is 
higher when the lower layer soil is of lower saturated hy­
draulic conductivity. Between the two lower layer soils in­
vestigated, Clarion C has a lower saturated hydraulic con­
ductivity than Hagener A (see table 1), As a consequence, 
the interface water pressure head will be higher when Clarion 
C is the lower layer soil. The experimental data support 
this prediction. The slope of the linear water pressure head 
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profile in the lower layer is equal to the difference be­
tween the outflow and the interface water pressure heads 
divided by the thickness of the lower layer. Therefore, 
for a fixed outflow water pressure head, the larger the 
interface water pressure head, the smaller will be the slope 
of the straight*line water pressure head profile. This ex­
plains the observations that the slope of the straight-line 
water pressure head profile in the lower layer was smaller 
when Clarion C was the lower layer soil than when Hagener A 
was the lower layer soil and that, at a given depth in the 
saturated lower layer, the positive water pressure head for 
Clarion C was larger than that for Hagener A, 
The decrease in outflow water pressure head from 105 to 
45 cm of water caused the water pressure head to decrease at 
all depths and a zone of negative water pressure head, cover­
ing the lower part of the upper layer and the upper part of 
the lower layer, to develop. The negative water pressure head 
zone expanded as the outflow water pressure head was decreased 
further. At zero outflow water pressure head, negative water 
pressure head occurred everywhere except at the outflow end, 
where zero pressure was maintained, and immediately below the 
inflow end, where positive pressure heads should exist to 
satisfy the pressure continuity requirement. At a given depth, 
the magnitude of the decrease in water pressure head that 
accompanied each decrease in outflow water pressure head became 
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successively smaller. 
When Hagener A was the lower layer soil, there appeared 
to be a zone of approximately constant negative pressure 
about 15 cm thick immediately below the interface when the 
outflow water pressure head was 15 cm of water. The decrease 
in the outflow water pressure head from 15 to 0 cm of water 
caused this zone to become about 15 cm thicker and the water 
pressure heads within it to decrease slightly. 
It may be noted also that a straight line could be used 
to represent the lower part of every curvilinear water pres­
sure head profile in the lower layer (figures 39 to 42). The 
water pressure head at the depth at which the straight-line 
behavior began was about -30 cm of water for both Clarion C 
and Hagener A. This implies that both of these soils re­
mained saturated at or above this water pressure head. This 
water pressure head and the water pressure head at which a 
sharp drop of water content occurs in the moisture desorption 
curve are about the same for Hagener A but quite different 
for Clarion C (see figure 15). Since the moisture desorption 
curves were obtained from separate samples, differences in 
the packing of the soil particles between the experimental 
columns and the soil samples from which the moisture de­
sorption curves were obtained probably existed. From table 
1, it is seen that the range of particle sizes is wider for 
Clarion C than for Hagener A. Thus, it is likely that Clarion 
PhO 
C would show more packing variation from one column to the 
other than Hagener A and this probably was the reason for 
the larger discrepancy between the lower limit of saturation 
water pressure head observed in the experimental column and 
that found in the moisture desorption curve in the case of 
Clarion C. 
As pointed out earlier, positive water pressure head 
occurred throughout the soil column when the outflow water 
pressure head was 105 cm of water. At the instant the out­
flow water pressure head was decreased from 105 to 45 cm of 
water, a much larger hydraulic gradient was imposed across 
the lower layer. As a result, the flow rate through the 
lower layer soil would tend to increase. In order to re*» 
store steady flow, the water pressure head at each depth had 
to adjust to the new outflow water pressure head. From equa­
tion (41a), it is seen that for a given saturated flow system 
with fixed inflow water pressure head, the interface water 
pressure head decreases as the outflow water pressure head 
decreases. Thus, even if the soil column remained saturated 
throughout, a decrease in outflow water pressure head would 
result in a decrease in interface water pressure head. Since 
in the early stages of adjustment to the new outflow water 
pressure head for the case at hand, the entire soil column 
was presumably saturated, the adjustment of the water pres­
sure head at each depth will be in a decreasing direction. 
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This explains the occurrence of negative pressure heads 
in the lower part of the upper layer and in the upper part 
of the lower layer as a result of the decrease in the out­
flow water pressure head from 105 to 45 cm of water. 
When the outflow water pressure head was 45 cm of 
water, at least the lower 45 cm of the lower layer would 
be saturated. By using the same argument as in the pre­
ceding paragraph, it can be shown that the water pressure 
head at each depth within this saturated zone would de­
crease as the outflow water pressure head was decreased 
to 15 cm of water. The same argument can also be used 
for the decrease in the outflow water pressure head from 
15 to 0 cm of water. It is thus seen that the negative 
water pressure head zone would expand downward in the lower 
layer with each successive decrease in the outflow water 
pressure head. 
When the interface water pressure head is negative, 
it is the minimum water pressure head for each profile as 
shown in cases I, II and III of two-layer soil in the 
Theoretical Analysis section. Thus, the water pressure 
head cannot decrease downward from the interface nor can 
it decrease upward from the interface. If the water pres­
sure head at any depth within the lower layer decreases be­
low the interface water pressure head, the interface water 
pressure head must decrease accordingly. The decrease in the 
interface water pressure head will in turn cause the water 
pressure heads within the upper layer to decrease. This is 
perhaps the explanation to the observed expansion of the 
negative water pressure head zone in the upper layer with 
each decrease in the outflow water pressure head. 
When unsaturation and saturation coexist in the lower 
layer, the water pressure head profile in the lower layer 
will be curvilinear and concaving to the right if the dis­
tance in the gravity field increases positively downward as 
is assumed throughout this dissertation. This shape of water 
pressure head profile was observed with Hagener A for the 
outflow water pressure heads of 45» 15, and 0 cm of water 
and with Clarion C for the outflow water pressure heads of 
15 and 0 cm of water, which is in agreement with the theo­
retical predictions made for the soil columns of this ex­
periment. %hen an outflow water pressure head that allows 
saturation to coexist with saturation in the lower layer is 
decreased, the decrease in water pressure head will be most 
pronounced in the zone that was saturated prior to the de­
crease in the outflow water pressure head. In the overlying 
unsaturated zone the decrease will be most pronounced in the 
part adjacent to the initially saturated zone. As long as 
the water pressure head in the zone of most pronounced changes 
does not decrease below the initial interface water pressure 
head and the final steady flow rate does not differ appreciably 
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from the initial steady flow rate, there will be little, if 
any, change in the interface water pressure head. As the 
water pressure head at a given depth in the overlying un­
saturated zone becomes more negative, the hydraulic con­
ductivity of the soil at that depth decreases. In order 
that the final flow rate will not be smaller than the ini­
tial flow rate, the slope of water pressure head profile at 
the depth in question has to decrease. Thus, if the flow 
rate does not change appreciably the water pressure head pro­
file in the unsaturated zone approaches a vertical line as a 
result of the decrease in outflow water pressure head. 
Water content profiles 
The water content values calculated from the gamma-ray 
absorption data for the outflow water pressure head of 0 cm 
of water are reported in table 63 in the Appendix and are 
plotted against depth in the soil column in figure 43. From 
this figure, it is seen that the four water content profiles 
in the upper layer were similar and that, in the upper layer, 
the water content decreased, almost linearly, as depth in­
creased; the profiles in the upper 2.5 cm were drawn on the 
basis of the assumption that the water content at the surface 
was the same as the saturation percentage of the upper layer 
soil observed in the determination of the moisture desorption 
curve (figure 16). It should be pointed out, however, that 
Figure 43, Water content profiles obtained in the de-
sorption experiment for the four soil columns 
when the outflow water pressure head was 0 cm 
of water 
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the water contents at the 2.5-cm depth may be erroneous since 
the change in bulk density due to swelling, presumably most 
pronounced at this depth, could not be accounted for in the 
calculation procedure. 
The water content profiles in the lower layer were quite 
different for the two lower layer soils but the two profiles 
for each of the two soils were in good agreement with each 
other, especially for Hagener A. For Hagener A, the water 
content remained at a constant value of about 10.5 per cent 
by weight for a distance of approximately 45 cm below the 
interface and then increased abruptly, in the following 15-cm 
interval, to a value of about 22,2 per cent. From there on, 
the water content gradually increased towards the outflow end; 
the average water content for the two column at 5 cm above the 
outflow end was 28.2 per cent which is larger than the cor­
responding saturation percentage observed in the determination 
of the moisture desorption curve (figure 15). When Clarion C 
was the lower layer soil, the water content for both columns 
remained at about 29 per cent ^ throughout the lower layer. 
From the moisture desorption curves in figures 15 and 16, 
it is noted that the desorption saturation percentages of 
Edina, Hagener A, and Clarion C are 47.7, 22.7, and 38.1 re­
spectively. On the basis of these values, it is seen from 
figure 16 that Clarion C would be unsaturated throughout and 
Edina would also be unsaturated, except possibly in the upper 
?B7 
one or two centimeters where saturation should exist to main­
tain pressure continuity. Hagener A, on the other hand, 
would be unsaturated in the upper 60 cm and saturated in the 
lower 60»5 cm. Among the twelve water content values (fig­
ure 43 or table 63 in the Appendix) of the upper layer soil 
(Edina), only two values are larger than or equal to the value 
corresponding to 80 per cent of the saturation percentage ob­
tained from the moisture desorption curve (figure 16), Thus, 
the conclusion reached by Kisch and Zaslavsky that, in the 
presence of unsaturation in a two-layer flow system of the 
type used here, the upper layer would be essentially satu­
rated throughout appears to be questionable. If the satu­
ration percentage of Edina in the experimental soil columns 
is the same as that observed in the moisture desorption curve, 
the results of this experiment indicate that the upper layer 
soil of this experiment would be essentially saturated only 
in the upper three centimeters at the most, which would be 
about 20 per cent of the upper layer thickness. 
For Hagener A, the uniform water content in the 45-cm 
zone immediately below the interface agrees with the approxi­
mately constant negative water pressure in this zone. It is 
to be noted in the water pressure head data in table 59, 
however, that in this zone, the variation in water pressure 
is larger than the variation in water content. This would 
seem to support the existence of non-unique relationships be­
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tween water pressure and water content in soils even along 
a single arm of the moisture characteristic curves that 
Davidson, Nielsen, and Biggar reported. The evidence is 
even clearer when the behavior of Clarion C is examined. 
From table 59, it is seen that, for each of the two columns 
containing Clarion C, the water pressure head varied con­
siderably in the lower layer and large differences between 
the two columns are also evident, especially near the inter­
face. Despite the large variations in the water pressure 
head, the water content tended to remain constant throughout 
the lower layer and this result occurred in both replicates 
(figure 43). 
Steady flow rate 
The steady flow rates obtained in the desorption experi­
ment are found in table 37 and the corresponding analysis of 
variance is presented in table 38. A comparison of each of 
the flow rates in table 37 with the appropriate values of 
saturated hydraulic conductivity in table 1 reveals that each 
flow rate is larger than the saturated hydraulic conductivity 
of the upper layer soil and smaller than the saturated hy­
draulic conductivity of the lower layer soil of the column 
from which the flow rate in question was obtained. This is 
true not only in the presence but also in the absence of un-
saturation in the soil column. This observation is in support 
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of the result concerning flow rate obtained in the Theo­
retical Analysis section as well as of the postulation of 
Takagi pointed out in the Review of Literature section. 
The analysis of variance (table 38) and the mean flow 
rates (table 39) show that the mean flow rate obtained from 
the soil columns having Hagener A as the lower layer soil 
did not differ significantly from that obtained from the 
columns having Clarion C as the lower layer soil. For each 
lower layer soil, however, the mean flow rate varied sig­
nificantly with the outflow water pressure head and the de­
gree of variation differed with kind of lower layer soil. 
For each of the two lower layer soils, the flow rate 
was smallest when the outflow water pressure head was 105 cm 
of water and, at this outflow water pressure head, the mean 
flow rate for Hagener A was larger than that for Clarion C. 
As the outflow water pressure head was decreased to 45 cm of 
water, the flow rate sharply increased, the increase being 
larger when Hagener A was the lower layer soil than when 
Clarion C was the lower layer soil. Each of the two remain­
ing successive decreases of the outflow water pressure head 
caused the flow rate to decrease for Hagener A and to in­
crease for Clarion C so that, at the outflow water pressure 
heads of 15 and 0 cm of water, the corresponding flow rates 
were higher for Clarion C than for Hagener A. 
From equation (2c), it is seen that flow rate increases with 
oorv 
Table 37. Steady flow rates in centimeters per day obtained 





cm of water 






105 1.32 1.76 1.54 
45 5.54 6.45 6.00 
15 5.15 5.23 5.19 
0 4.06 4.00 4.03 
105 1.10 1.04 1.07 
45 4.62 4.45 4.54 
15 5.80 5.85 5.83 
0 6.40 5.86 6.13 
Table 38. Analysis of variance of steady flow rate for the 
desorption experiment 
V«ia?ion SS MS F 
Lower layer soil (A) 1 0. 1620 0, .1620 1, .91 
Outflow pressure (B) 3 47. 8690 15. 9563 187. 98** 
Interaction (AB) 3 7< ,0037 2, 3346 27. ,50** 
Error 8 0, 6791 0. 0849 
Total 15 55, 7138 
Highly significant. 
Table 39. Mean flow rates in centimeters per day obtained 
in the desorption experiment 
Outflow water 
pressure head 




Clarion C Mean 
105 1.54 1.07 1.30 
45 6,00 4.54 5.27 
15 5.19 5.82 5.51 
0 4.03 6.13 5.08 
4.19 4.39 
increasing hydraulic conductivity, if the water pressure head 
gradient remains unchanged, and decreases with increasing 
water pressure head gradient, if the hydraulic conductivity 
does not change. If both hydraulic conductivity and water 
pressure head gradient change, the direction of the change 
of flow rate depends on combined effect of the two changes. 
From the water pressure head profiles in figures 37 and 
38, it is seen that, for each of the four outflow water pres­
sure heads, the water pressure head gradient (the slope of 
the water pressure head profile) at a given depth in the lower 
layer was smaller when Clarion C was the lower layer soil than 
when Hagener A was the lower layer soil and that both Clarion 
C and Hagener A were saturated when the outflow water près» 
sure head was 105 cm of water. Theoretically [equation (35)], 
at an outflow water pressure head of 105 cm of water, the 
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steady flow rate when Hagener A is the lower layer soil 
should be approximately 1,5 times that when Clarion C is 
the lower layer soil. This theoretical flow rate ratio 
is in excellent agreement with the observed flow rate ratio 
of 1.44. 
That the mean flow rate for Clarion C was smaller than 
the mean flow rate for Hagener A when the soil column was 
saturated throughout may also be explained by considering 
the hydraulic gradient across the upper layer soil. From 
equation (38)i it is seen that the interface water pressure 
head, and hence the interface hydraulic head, increases as 
the saturated hydraulic conductivity of the lower layer 
soil decreases. Thus, the interface hydraulic head should 
be larger when Clarion C is the lower layer soil than when 
Hagener A is the lower layer soil. Because the inflow hy­
draulic head is the same in both cases, the hydraulic 
gradient across the upper layer soil will, therefore, be 
smaller when Clarion C is the lower layer soil than when 
Hagener A is the lower layer soil. Since the same upper 
layer soil was used for all columns of this experiment, the 
flow rate through a given saturated soil column should be 
smaller when Clarion C was the lower layer soil. 
The increase in flow rate with the decrease in outflow 
water pressure head from 105 to 45 cm of water must be due 
to the decrease in the water pressure head gradient at each 
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depth, since, theoretically, the hydraulic conductivity 
cannot increase with decreasing water pressure head. Large 
decreases in water pressure head gradient are indeed evi­
dent, especially in the zone immediately above and immed­
iately below the interface, as a result of the decrease in 
outflow water pressure head from 105 to 45 cm of water (fig­
ures 37 and 38). With Clarion C in the lower layer, the 
water pressure head gradient at each depth is seen to continue 
to decrease with the decrease in outflow water pressure head 
from 45 to 15 cm of water. The effect of the decrease, at 
each depth, in water pressure head gradient apparently over­
shadowed the effect of the decrease in water pressure head. 
As a result, the steady flow rate continued to increase. 
The decreases in both magnitude and gradient of water pres­
sure head at each depth are seen to become smaller for fur­
ther decrease in outflow water pressure head (from 15 to 0 
cm of water). Consequently, the increase in flow rate be­
came smaller. The decrease in flow rate as a result of each 
successive decrease in outflow water pressure head from 45 
cm of water observed with Hagener A may be due to the de­
crease in the water pressure heads in the zone of nearly 
constant negative water pressure head, as no appreciable 
changes in the water pressure head gradients are apparent. 
From the moisture release curves in figure 15, it is seen 
that the water content of Hagener A changes very abruptly 
294 
as water pressure head changes in the range of water pres­
sure heads of -30 to -60 cm of water. Thus, a small de­
crease in water pressure head within this range might re­
sult in a considerable decrease in the hydraulic conduc­
tivity which, in turn, could make the flow rate smaller. 
Comparison of Sorption and Desorption Experiments 
It may be recalled that, in the first two experiments 
reported, the soils in each column were initially air-dry 
and the water was allowed to move downward into the soil 
column from a constant ponding head maintained at the sur­
face and to emerge from the lower surface of the column the 
moment its pressure was just enough to overcome the resist­
ance of the atmospheric air. In other words, both the steady 
flow rate and the water pressure head profile were allowed 
to develop through a sorption process. In the third experi­
ment, however, each soil column was first brought to a com­
plete saturation and then allowed to drain while maintaining 
a desired non-negative outflow water pressure head at the 
lower surface and a constant positive ponding head at the 
upper surface. Each water pressure head profile and each 
steady flow rate were, therefore, attained through a de­
sorption process. Thus, it would be of interest to compare 
the results of the first two experiments with the corres­
ponding results of the third experiment. 
In the third experiment, the depth of ponding head was 
maintained at 5 cm of water and the upper layer contained 
Edina soil of 15 cm thickness. When the outflow water pres­
sure head was 45 cm of water, the distance between the inter­
face and the level at which the water left the outflow tube 
was 60.5 cm. This would approximately correspond to the 
column having a thickness combination of 15 cm for the upper 
layer and 62 cm for the lower layer and a depth of ponding 
head of 5 cm of water in Sorption Experiment I. Similarly, 
the column in the first two experiments that would correspond 
with the situation in which the outflow water pressure head 
was 15 cm of water in the desorption experiment would be one 
having a thickness combination of 15 cm for the upper layer 
and 92 cm for the lower layer and a depth of ponding head of 
5 cm of water. 
The water pressure head profiles to be considered are 
shown in figure 44 from which it is seen that, in the upper 
layer, there is little difference between the profile at­
tained via sorption and that attained via desorption. 
However, differences are apparent in the lower layer. 
Each pair of the sorption and desorption profiles are par­
allel to each other at the lower ends of the profiles with 
the desorption profile lying above the sorption profile. 
The thickness of the zone in which the profiles are parallel 
is approximately 25 cm. Above this zone, each of the two 
Figure 44, Water pressure head profiles for the soil 
columns containing Edina in the upper layer and 
Hagener A in the lower layer. The profiles ^ 
with circular data points were initially air-
dry. The profiles with triangular data points 




sorption profiles crosses the corresponding desorption pro­
file and remains to the right of the desorption profile as 
the interface is approached. For each of the two pairs of 
water pressure head profiles» the water pressure head at the 
interface and that at each depth in the unsaturated zone 
underneath the interface are larger on the sorption than on 
the desorption profile. The unsaturated zone is seen to have 
a larger thickness on the sorption profile than on the de­
sorption profile. 
It is recalled from the second paragraph of this sub­
section that the lower layer thickness of each sorption 
profile is 1.5 cm larger than the effective lower layer 
thickness of the corresponding desorption profile and this 
may partially explain the position of the sorption profile 
relative to that of the desorption profile at the lower ends 
of the profiles. Moreover, when the outflow water pressure 
head is larger than zero as in the case of each desorption 
profile, the depth at which the zero pressure occurs in the 
soil column has to be above the level at which the outflow 
water drops out of the outflow tube in order to have verti­
cally downward flow. Thus, when the level at which the out­
flow water leaves the outflow tube is 60.5 cm from the inter­
face, the level at which the zero pressure occurs in the soil 
column has to be closer to the interface than 60.5 cm. This 
would tend to make the desorption profile lie above the 
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sorption profile even if the thickness of the lower layer 
of the sorption profile matches perfectly with the distance 
between the interface and the level at which the water leaves 
the outflow tube of the desorption profile with which the 
sorption profile is compared. The parallel partions of the 
sorption and desorption profiles are both straight lines, 
suggesting that the soil was saturated for both sorption and 
desorption. That the soil in the zone of parallel profiles 
is saturated for the case of desorption is evident from the 
moisture desorption curve in figure 16. Similar examination 
of the moisture sorption curve, however, does not reveal that 
the soil would be saturated in the water pressure head range 
covered by the straight-line portion of the sorption profile. 
The explanation to this observation is not known by the 
writer. 
From the flow rate data in figure 44, it is seen that 
the flow rates are similar for the two members of each pair 
of the water pressure head profiles. This appears to sup­
port the observation that the straight-line portion of each 
sorption profile is parallel to that of the corresponding 
desorption profile. The crossing over of the sorption and 
the desorption profiles may be explained by the result, ob­
tained by Christensen, that, at a given negative water pres­
sure, the desorption unsaturated hydraulic conductivity was 
larger than the sorption unsaturated hydraulic conductivity. 
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If this is the case, the water pressure head at each lo­
cation in the unsaturated zone should be larger for sorp­
tion than for desorption water pressure head profile for 
the flow rates to be comparable as the slope of the water 
pressure head profile at each location in the unsaturated 
zone is approximately the same for both sorption and de­
sorption. 
Sorption and Desorption Unsaturated 
Hydraulic Conductivities 
The unsaturated hydraulic conductivity values calcu­
lated from the water pressure head data for the four selected 
columns of the three experiments are given in tables 64 and 
65 and are plotted on semi-log papers against water pressure 
in figures 45 and 46 and against water content in figures 47 
and 48. 
It is recalled that, although the data for all of the 
four soil columns of the desorption experiment were used in 
calculating the desorption unsaturated hydraulic conductivity, 
data for only two of the eighty-eight soil columns of Sorp­
tion Experiments I and II were used in obtaining the sorption 
unsaturated hydraulic conductivity values. For Hagener A, 
the two soil columns selected were the first and third columns 
for the 5-cm depth of ponding head of table 43 (see Appendix); 
these two soil columns are referred to as sorption column I 
Figure 45. Graphical relationships between unsaturated 
hydraulic conductivity and water pressure 
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Figure 46. Graphical relationships between unsaturated 
hydraulic conductivity and water pressure 
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and sorption column II» respectively, in figures 45 and 47. 
For Clarion G, the two soil columns selected were the second 
columns for the 5- and 25-cm depths of ponding head of table 
47 (see Appendix); these two soil columns are referred to as 
sorption column I and sorption column II, respectively, in 
figures 46 and 48. 
It should be pointed out again that although the water 
content values used in plotting the desorption curves were 
directly measured, the water content values for the sorption 
curves were inferred from the moisture sorption curves in 
figure 15. This was done beeause no water content measure­
ment was made in Sorption Experiments I and II. 
From figures 45 to 48, it is seen that there is con­
siderable scattering of points, especially in the desorption 
case of Clarion C. Furthermore, it is seen that, for either 
of the two soils and for either sorption or desorption, the 
hydraulic conductivity values are quite variable for the two 
replicated soil columns although the general trends are sim­
ilar in most cases. None of the semi-log curves is a straight 
line. 
In the relationship between hydraulic conductivity and 
water pressure (figures 45 and 46), it is seen that, in gen­
eral, the hydraulic conductivity decreases rapidly from a 
high value near zero pressure and attains a very low value, 
about one per cent of the corresponding high value in the 
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case of desorption and from three to seven per cent in the 
case of sorption, at a water pressure head of from -50 to 
-60 cm of water, depending on soil; the desorption curves 
for Clarion C are not included in this generalization due 
to too wide scattering of points. For Hagener A, the sorp­
tion curves are below the desorption curves throughout the 
water pressure range investigated (O to -61 cm of water), 
indicating that at a given negative water pressure in this 
range of water pressures, the sorption unsaturated hydraulic 
conductivity is smaller than the desorption hydraulic con­
ductivity. This is in agreement with the results of Christen-
sen. For Clarion C, however, the reverse appears to hold. 
Although the two sorption curves of Clarion C are smooth and 
approximately parallel to each other and show little scat­
tering of points, the wide scattering of points shown by the 
sorption curves makes the interpretation difficult. 
Figures 47 and 48 show that, with the exception of the 
desorption case for Clarion C, the hydraulic conductivity 
decreases very rapidly with decreasing water content. The 
two sorption curves for Clarion C (figure 48) are again seen 
to be similar and approximately parallel to each other. In 
the case of Hagener A (figure 46), with the exception of the 
desorption curve for column I, the three curves are also 
similar. For Hagener A, the two sorption curves are below 
the desorption curve for column II at high water contents; 
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the three curves cross over one another at a water content 
of about 12 per cent. Consequently» at a given.water con­
tent less than 12 per cent, the sorption value of the un­
saturated hydraulic conductivity is larger than the de-
sorption value for Hagener A, The explanation to the be­
havior of the curve for column I of Hagener A is not known 
by the writer. For Clarion C, the desorption unsaturated 
hydraulic conductivity values scatter about when plotted 
against water content (figure 48) and no smooth curve could 
be drawn. 
For Hagener A» at a given negative water pressure in 
the water pressure range studied, the desorption hydraulic 
conductivity is about four to seven times the sorption hy­
draulic conductivity. Furthermore, the largest values of 
the sorption hydraulic conductivity, which occur at a water 
pressure head of about -5.5 cm of water (figure 44), are 
approximately one-tenth, or even smaller, of the saturated 
hydraulic conductivity obtained from a separate measurement 
(see table 1). The low value of the sorption unsaturated 
hydraulic conductivity as compared with the corresponding 
value of the desorption unsaturated hydraulic conductivity 
may be understood from the moisture characteristic curves. 
It is commonly observed that, for a given soil and a given 
negative water pressure in the intermediate water content 
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range, the water content obtained from desorption curve is 
larger than that obtained from sorption curve. Since the 
readiness with which a given unsaturated soil conducts water 
generally increases with an increase in water content, the 
desorption unsaturated hydraulic conductivity corresponding 
to a given negative water pressure would be expected, due to 
a higher water content, to be larger than the sorption hy­
draulic conductivity. At the dry ends of the moisture 
characteristic curves, where the sorption and desorption 
curves are close together, the hydraulic conductivity values 
should be similar. This is evident in the closing-up to­
gether of the three curves for Hagener A in figure 47. 
Figures 45 and 46 show that none of the semi-log curves 
of unsaturated hydraulic conductivity versus water pressure 
is a straight line. This indicates that for the two soils 
studied, the relationship between the unsaturated hydraulic 
conductivity k and the negative water pressure h would not 
be of the form k = a exp (bh), where a and b are constants, 
even in the narrow range of negative pressures investigated 
(O to -61 cm of water). It is noted from figure 43 also 
that the water content of Clarion C was essentially the same 
throughout the lower layer thickness and yet, several dif­
ferent values of hydraulic conductivity were obtained from 
different points within the Clarion C layer. Thus, a unique 
relationship between hydraulic conductivity and water content 
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would not be true for the Clarion C soil used in this in­
vestigation. This is also exemplified by the large dif­
ferences between the two curves of desorption hydraulic 
conductivity versus water content for Hagener A. As seen 
in figure 36, the bulk density profiles of the two soil 
columns containing Hagener A were quite similar. The dif­
ference between the two desorption hydraulic conductivity-
water content curves appears to be too large to be account­
able for by the differences between the two bulk density 
profiles. 
The wide variations of the calculated values of hy­
draulic conductivity for a given water pressure and a given 
soil make it difficult to quantitatively extend the results 
obtained with one soil column to the other. Although a 
generalized value for a given water pressure and a given 
soil may be obtained from a large number of replicated 
measurements, the application of the generalized value to 
specific cases supposed to be typical of those from which 
the generalized value was obtained appears to be highly 
limited. 
Despite limitations on the application of unsaturated 
hydraulic conductivity values to specific cases, it is be­
lieved that the method for calculating unsaturated hydraulic 
conductivity developed in this investigation appears to be 
easily applicable, and free of several limitations that other 
methods have. The range of the negative water pressures that 
can be studied is seen to be limited by the saturated hydrau­
lic conductivity and the thickness of the upper layer soil and 
to some extent by the thickness of the lower layer soil. 
Through appropriate adjustments of the upper layer in terms 
of thickness or kind of soil or both, a desired range of nega­
tive water pressures should result. The most difficult part 
of the procedure is, perhaps, the evaluation of the slope of 
the water pressure head profile at a given point in the soil 
column. A functional relationship between water pressure head 
and depth is ideal for such an evaluation. If, however, ten­
siometers are spaced close together, as was the case in all 
of the three experiments reported in this dissertation, a 
method of obtaining the slope from the difference between the 
water pressure heads registered by two adjacent tensiometers 
and the distance between the two tensiometers should not re­
sult in serious error, provided, of course, that the two 
water pressure heads do not differ considerably and that the 
tensiometers give the correct water pressure readings. 
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SUMMARY AND CONCLUSIONS 
Laboratory experiments were conducted to study the 
steady vertically downward flow of water through two-layered 
soil columns having a layer of lower saturated hydraulic con­
ductivity always overlying a layer of higher saturated hy­
draulic conductivity. The effects of thickness and kind of 
upper layer soil, thickness and kind of lower layer soil, 
depth of ponding head, and magnitude of outflow water pres­
sure head on flow rate and water pressure head profile were 
Investigated. Two sorption experiments and one desorption 
experiment were performed. In the two sorption experiments, 
each soil column was initially air-dry and a constant posi­
tive head of water was maintained at the upper surface; 
seepage occurred due to gravity and downward capillary pull 
and the lower (outflow) surface was always at atmospheric 
pressure. In the desorption experiment, each soil column 
was initially saturated throughout; a constant positive head 
of water was maintained at the upper surface and different 
non-negative water pressure heads were established at the 
lower surface. In both the sorption and desorption experi­
ments, water pressure head distribution was measured for each 
soil column, also steady flow rate. For each soil column in 
the desorption experiment, bulk density distribution and 
water content distribution for the zero outflow water pressure 
head were measured with a gamma-ray absorption technique. A 
method for determining unsaturated hydraulic conductivity of 
soils by use of data from these types of experiments was de­
veloped and used to obtain graphical relationships between 
unsaturated hydraulic conductivity and water pressure head 
and between unsaturated hydraulic conductivity and water con­
tent in a range of low negative water pressures. 
Equipment, materials and procedures may be summarized as 
follows: 
1. Soil cylinders were made from clear acrylic plastic 
tubes of 8.9 cm inside diameter and 0.6 cm wall thickness. 
Tubular filter tubes open at both ends were used as tensio-
meter bulbs for measuring water pressure head distribution 
during the flow. The tensiometer bulbs were installed hori­
zontally across the cross section of the soil column at pre­
determined spacings. An approximately 0.01 N solution of 
calcium chloride was used as both flow and manometer liquid. 
In cases in which the experiment lasted longer than a week, 
toluene was added to the flow liquid at 400 parts per million 
by volume to minimize the effects of microbial activities on 
the flow. In each experimental run, outflow measurement and 
manometer reading were made twice a day and continued for 
five consecutive days following the onset of the steady flow. 
For each soil column, the flow rate was calculated from the 
total outflow for the entire steady-flow period and the ten 
manometer readings for each depth were averaged and used to 
represent the depth in question. A cathetometer capable of 
reading to the nearest 0.01 cm was used in reading the mano­
meters. 
2. In Sorption Experiment I, the upper layer soil was 
held fixed while depth of ponding head, thickness of upper 
layer, thickness of lower layer, and kind of lower layer soil 
varied. The upper layer soil was a 2:1 air-dry weight (2.04:1 
oven-dry weight) mixture of the and B horizons of Edina 
silt loam soil (Edina). The A horizon of Hagener loamy fine 
sand (Hagener A), the C horizon of Clarion sandy clay loam 
(Clarion C), and the C horizon of Ida silt loam (Ida C) were 
used separately as the lower layer soil. The thicknesses of 
the upper layer investigated were 15 and 30 cm and those of 
the lower layer were 62 and 92 cm. The depths of ponding 
head used were 5 and 25 cm of water. For each of the three 
lower layer soils, flow rate and water pressure head data 
were obtained for each possible combination of the different 
levels of depth of ponding head, thickness of the upper layer 
and thickness of the lower layer. 
3. In Sorption Experiment II, thickness of the upper 
layer and kind of lower layer soil were held fixed while kind 
of upper layer soil, thickness of lower layer and depth of 
ponding head varied. The upper layer thickness used was 15 
cm and the lower layer soil was Hagener A. Two lower layer 
thicknesses, 92 and 122 cm, were investigated and the depths 
of ponding head used were the same as those used in Sorption 
Experiment I. The Edina soil used in Sorption Experiment I, 
a 2:1 air-dry weight (1.97:1 oven-dry weight) mixture of the 
Ag horizon of Edina silt loam soil and Clayton sand (Edina-
sand), and Clarion C were the three upper layer soils studied. 
4. In the desorption experiment, depth of ponding head, 
thickness and kind of upper layer soil, and thickness of lower 
layer soil were held fixed while kind of lower layer soil and 
outflow water pressure head varied. For all soil columns, 
the thicknesses of the upper and lower layers were 15 and 
105.5 cm, respectively and the depth of ponding head was 5 
cm of water. Hagener A and Clarion C were used as the lower 
layer soils. Four levels of outflow water pressure (105, 45, 
15 and 0 cm of water) were used in succession in that order 
with each soil column. Bulk density distribution was measured 
for each column by a gamma-ray absorption technique. The 
gamma-ray technique was also used to measure water content 
distributions when the outflow water pressure head was 0 cm 
of water, 
5. The method for calculating unsaturated hydraulic con­
ductivity at a given negative water pressure head consisted 
of evaluating the slope of the water pressure head profile at 
the depth to which the negative water pressure head in 
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question corresponded and using the slope evaluated together 
with the measured flow rate in Darcy's law. The slope of a 
given water pressure profile at a depth midway between each 
two adjacent tensiometers was obtained by dividing the alge­
braic difference between the water pressure heads registered 
by the two tensiometers by the distance between the two ten­
siometers. Unsaturated hydraulic conductivity values were 
calculated for Hagener A and Clarion C and the results plotted 
against water pressure head and water content. The unsatu­
rated hydraulic conductivity values obtained from the sorp­
tion experiments and those obtained from the desorption ex­
periments were treated separately in plotting the curves. 
The results may be summarized as follows; 
1. For the three experiments, providing that the upper 
5 cm of the upper layer soil was neglected, the water pres­
sure head always decreased in the upper layer and always in­
creased in the lower layer as depth increased. The inter­
face water pressure head was the smallest water pressure head 
for each soil column. No zone of strictly constant negative 
water pressure head was observed in any of the water pres­
sure head profiles, 
2, In the sorption experiments, the following results 
were obtained: 
a. In regard to varying the kind of lower layer 
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soil with other factors held constant» 
The water pressure head in the upper layer, the 
water pressure head at 1 cm below the interface, and the 
steady flow rate did not vary significantly with kind of 
lower layer soil to within the precision of the measurement. 
Among the three lower layer soils investigated, Clarion C 
and Hagener A gave approximately the same water pressure 
head while Ida C gave, at each depth lower than 1 cm below 
the interface, a larger water pressure head than the cor­
responding water pressure head obtained with either one of 
the other two soils. The water pressure head profiles in 
the lower layer were curvilinear when Hagener A or Clarion 
C was the lower layer soil in contrast to the straight-line 
profiles obtained when Ida C was the lower layer soil. 
b. In regard to varying the depth of ponding head 
with other factors held constant: 
With one exception, the water pressure head at each 
depth in both the upper and lower layers and the flow rate 
increased with increasing depth of ponding head; and the ef­
fect of increased depth of ponding head in increasing the 
water pressure head at each location in the lower 5 cm of 
the upper layer became smaller as the upper layer became 
thicker. The exception occurred when the upper layer soil 
was Clarion C; then the water pressure head profile in the 
lower layer was not measurably affected by increased depth 
of ponding head although the flow rate was increased, 
c. In regard to varying the upper layer thickness 
with other factors held constant: 
The water pressure head at each depth and the flow 
rate became smaller as the upper layer became thicker. The 
decrease in water pressure head as a result of increasing 
upper layer thickness decreased with increasing depth in each 
soil column but increased with decreaslhg saturated hydraulic 
conductivity of the lower layer soil. 
d. In regard to varying the lower layer thickness 
with other factors held constant: 
The water pressure heads in a 30-cm zone above the 
outflow end did not vary with lower layer thickness while 
pressure heads above this 30-cm zone became smaller the larger 
the lower layer thickness. As the lower layer thickness was 
increased from 62 to 92 cm» the flow rate became larger. How­
ever, when the lower layer thickness was increased from 92 
to 122 cm and Hagener A was the lower layer soil, the flow 
rate was not measurably affected by the increase in lower 
layer thickness. 
e. In regard to varying the kind of upper layer 
soil with other factors held constant: 
An increase in saturated hydraulic conductivity 
of the upper layer soil markedly increased the flow rate and 
water pressure head throughout the soil column; the saturated 
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hydraulic conductivities of the three upper layer soils 
followed the relation Clarion C > Edina-sand > Edina. 
Except for the upper 5 cm» the water pressure head pro­
files in the upper layer were approximately a straight line 
when Edina or Edina-sand was the upper layer soil. Curvi­
linear water pressure head profiles were apparent in the 
upper layer when Clarion C was the upper layer soil. When 
Clarion C was the upper layer soil or when the depth of pond­
ing head was 25 cm and Edina-sand was the upper layer soil, 
the water pressure head increased very gradually with in­
creasing depth in the lower layer, except in a 20-cm above 
the outflow end. 
3. In the desorption, not all »f the factors of interest 
were the same as those studied in the two sorption experi­
ments, so that the results may be stated differently as 
follows: 
a. There was little difference in bulk density 
at a given depth both among the four replicates of the upper 
layer soil and between the two replicates of each of the two 
lower layer soils. The bulk density value at the 2.5-cm of 
each soil column was smaller than the values at lower depths 
in the upper layer. 
b. When the soil columns were saturated through­
out, as was observed with the outflow vyater pressure head of 
105 cm of water, the water pressure head at a given depth 
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was larger, the smaller the saturated hydraulic conduc­
tivity of the lower layer soil; the reverse was observed 
with steady flow rate. In the presence of unsaturation in 
the soil column, both the flow rate and the water pressure 
head at each depth were larger, the smaller the saturated 
hydraulic conductivity of the lower layer soil. 
c. The decrease in outflow water pressure head 
from 105 to 45 cm of water increased the steady flow rate 
for each soil column. Further decrease in the outflow 
water pressure head decreased the flow rate when Hagener A 
was the lower layer soil while similar decrease in the out­
flow water pressure head increased the flow rate when 
Clarion C was the lower layer soil. 
d. Decreasing outflow water pressure head de­
creased the water pressure head at each depth in each soil 
column. Negative water pressure heads were observed in all 
soil columns when the outflow water pressure head was smaller 
than or equal to 45 cm of water. The decrease in the water 
pressure head at each depth became smaller with each suc­
cessive decrease in the outflow water pressure head. When 
Hagener A was the lower layer soil and the outflow water 
pressure head was 15 or 0 cm of water, the water pressure 
head in a zone immediately below the interface changed very 
gradually with depth. 
e. When the outflow water pressure head was 0 cm 
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of water, the water content (grams of water per 100 grams of 
oven-dry soil) decreased with increasing depth in the upper 
layer and the water content obtained at each depth between 
the 2.5-cm depth and the interface was smaller than the value 
corresponding to 80 per cent of the saturation percentage of 
the upper layer soil. The water content of Clarion C was 
essentially the same at all depths and for both columns de­
spite large differences in the water pressure head both at a 
given depth of the two columns and between depths within each 
column. For Hagener A» the water content remained essentially 
constant for a distance of about 45 cm below the interface 
and then increased to a value near the saturation percentage 
in the following 10 cm; small increases were noted thereafter. 
4. Comparisons of water pressure head profiles and 
flow rates for sorption and desorption experiments with other 
factors being the same: 
At a given location in the essentially saturated zone 
near the lower end of the soil column, the water pressure 
head attained via desorption was larger than that attained 
via sorption while the reverse was true of the overlying un­
saturated zone of the lower layer; no significant differences 
were observed for the water pressure head profiles in the 
upper layer. The flow rate attained via sorption tended to 
be smaller than that attained via desorption. 
5. In regard to the sorption and desorption unsaturated 
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hydraulic conductivities of Hagener A and Clarion C; 
The unsaturated hydraulic conductivity sharply decreased 
with increasing negative pressure (suction) or decreasing 
water content. Large variations in the unsaturated hydrau­
lic conductivity for a given negative water pressure head 
or a given water content were observed both within the same 
soil column and between columns of the same soil) especially 
in the desorption case of Clarion C, At each negative water 
pressure, the sorption unsaturated hydraulic conductivity 
was much smaller than the desorption unsaturated hydraulic 
conductivity for Hagener A, None of the semi-log curves of 
hydraulic conductivity versus negative water pressure was a 
straight line despite the narrow range (O to -61 cm of water) 
of water pressures. 
Within the limitations of the conditions investigated, 
the following conclusions may be made on the basis of the 
results obtained; 
1, For a given depth of ponding head, it is concluded 
that flow rate, interface water pressure head, and water 
pressure head profile in the upper layer are determined 
almost entirely by characteristics and thickness of the 
upper layer soil. Water pressure head profile in the lower 
layer, on the other hand, is determined by characteristics 
of the lower layer soil. 
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2. The statement that a zone of "constant negative 
water pressure head" exists immediately below the interface 
of the two soil layers is only approximately true. Water 
pressure head does change as depth changes in this zone al­
though the rate of change may be very small. 
3. An increase in depth to water table is not nec­
essarily accompanied by a decrease in flow rate through a 
two-layer soil column of the type used in this investigation. 
A decrease in flow rate can be achieved by increasing the 
thickness or decreasing the saturated hydraulic conductivity 
or both of the upper layer soil. The flow rate can also be 
decreased by decreasing the depth of ponding head. 
4. An unsaturation zone in the upper layer can be of 
considerable thickness depending on the characteristics of 
the upper layer soil and, for a given upper layer soil, on 
the moisture history of the soil column. 
5. The method developed, using a two-layer soil column 
as reported here, for determining unsaturated hydraulic con­
ductivity of soils appears to be a satisfactory method for 
high water contents. Values of the hydraulic conductivity 
corresponding to several values of negative water pressure 
in a given range of negative water pressures can be ob­
tained simultaneously from a single soil column. The range 
of negative water pressures covered in a single run can be 
adjusted by adjusting the thickness or saturated hydraulic 
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conductivity or both of the upper layer soil. 
6. Gamma-ray absorption is an accurate, time-saving, 
and non-destructive method for determining bulk density and 
water content of soils. 
7. For a given soil, unsaturated hydraulic conductivity 
and water content are not necessarily single-valued functions 
of water pressure even when the water pressures are arrived 
at entirely by a sorption or entirely by a desorption process* 
Unsaturated hydraulic conductivity values are sensitive to 
changes in bulk density. 
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APPENDIX 
Table 40. Distribution of water pressure head with depth during steady vertically 
downward flow of water through soil columns containing Edina (silty clay, 
A2 and B horizons) of 15 cm thickness overlying Hagener soil (fine sand, 
A horizon) of 62 cm thickness in sorption experiment I. Each water pres­
sure head is expressed in centimeters of water and is an average of ten 
readings 
Depth 5-cm Ponding Head 25-cm Ponding Head 
cm I II III Mean I II III Mean 
0 5.00 5.03 5.01 5.01 25.00 24.99 24.99 
1 
24.99 
5.29 3.96 2.50 5.07 33.84 20.08 21.40 23.35 '1 21.61 
10.20 -13.77 -18.11 -16.51 -16.13 - 8.44 - 4.00 1.75 - 3.56 
14.62 -40.51 "37.08 -42.63 -40.07 -40.44 -35.12 -36.13 -37.23 
16.07 -40.60 -39.60 -43.76 -41.32 -41.86 -38.22 -36.95 -39.01 
20.21 -39.07 -39.61 -42.50 -40.39 -40.41 -36.34 -36.00 -37.58 
25.19 -37.58 -38.46 -39.70 -38.58 -37.75 -35.88 -35.21 -36.28 
30.12 -35.52 -36.01 -37.28 -36.27 -35.35 -33.10 -33.85 -34.10 
35.29 -32.19 -33.38 -33.97 -33.18 -32.37 -30.04 -31.05 -31.15 
45.09 -27.94 -29.25 -29.61 -28.93 -28.90 -26.30 -27.76 -27.65 
55.19 -21.36 -21.76 -21.30 -21.47 -21.12 -20.88 -21.31 -21.10 
65.06 -11.45 -11.48 -11.45 -11.46 -11.41 -11.42 -11.46 -11.43 
77.00 0 0 0 0 0 0 0 0 
f^bu® 1.31 1.23 1.33 1.29 1.33 1.24 1.31 1.29 
pbl° 1.64 1.62 1.62 1.63 1.62 1.61 1.64 1.62 
Y° 4.22 8.28 4.78 5.76 5.84 8.62 5.45 6.64 
®Bulk density of upper layer soil in g cm"^. 
^Bulk density of lower layer soil in g cm"^. 
c ««l 
Steady flow rate in cm day 
Table 41. Distribution of water pressure head with depth during steady vertically 
downward flow of water through soil columns containing Edina (silty clay, 
A2 and B horizons) of 30 cm thickness overlying Hagener soil (fine sand, 
A horizon) of 62 cm thickness in sorption experiment I. Each water pres­




5-cm Pondina Head 25-cm Ponding Head 
I II III Mean I II III Mean 
0 4.99 4.96 5.01 4.99 25.04 25.00 24.98 25.01 
5.29 7.03 5.93 6.19 6.38 25.75 25.04 26.18 25.66 
15.24 -11.20 -12.20 -10.67 -11.36 1.07 1.62 3.46 2.05 
25.14 -33.92 -31.52 -35.41 -33.62 -29.96 -26.31 -27.42 -27.90 
29.69 «46.57 -41.35 -46.55 -44.82 -44.74 -43.55 -44.30 -44.20 
31.03 -47.52 -43.77 -47.76 -46.35 -45.78 -44.11 -45.50 -45.13 
35.19 -45,31 -42.22 -45.73 -44.42 -43.89 -42.53 -43.68 -43.37 
40.21 -42.85 -39.26 -43.36 -41.82 -41.62 -40.25 -43.68 -41.85 
45.26 -39.56 -36•35 -40.64 -38.85 -39.20 -37.59 -41.67 -39.49 
50.28 -35,87 -32.77 -36.60 -35.08 -35.17 -34.37 -38.77 -36.10 
60.20 -30.53 -29.61 -30.43 -30.19 -30.14 -29.24 -35.36 -31.58 
70.11 -20.86 -21.53 -21.14 -21.18 -21.03 -20.79 -20.82 -20.88 
80.13 -11.06 -11.53 -11.11 -11.23 -11.10 -11.14 -11.07 -11.10 
92.00 0 0 0 0 0 0 0 0 
Pby 1.35 1.27 1.35 1.32 1.35 1.26 1.35 1.32 
Pbl 1.62 1.63 1.64 1.63 1.64 1.61 1.62 1.62 
V 2.07 4.51 2v04 2.87 2.74 4.43 2.32 3.16 
Table 42. Distribution of water pressure head with depth during steady vertically 
downward flow of water through soil columns containing Edina (silty clay, 
A2 and B horizons) of 15 cm thickness overlying Hagener soil (fine sand, 
A horizon) of 92 cm thickness in sorption experiment I. Each water pres­
sure head is expressed in centimeters of water and is an average of ten 
readings 
Depth 5-cm Ponding Head 25-cm Ponding Head 
cm I II III Mean I II III Mean 
0 5.00 4.98 4.99 4.99 25.04 25.00 25.02 25.02 
5.08 4.39 4.29 4.46 4.38 21.29 23.29 24.33 22.97 
10.09 -13.10 -20.13 -15.97 -16.40 - 9.98 - 7.85 4.17 - 4.55 
14.59 -42.65 -47.44 -48.71 -46.27 -45.80 -39.27 -38.53 -41.20 
15.98 -43.77 -49.27 -49.14 -47.39 -47.38 -44.43 -40.15 -43.95 
20.16 -42.98 -49.14 -48.26 -46.79 -46.35 -44.30 -39,54 -43.40 
25.09 -42.46 -49.17 -47.82 -46.48 -45.75 -43.83 -39.43 -43.00 
30.23 -41.47 -49.02 -47.16 -45.88 -44.94 -43.59 -38.91 -42.47 
35.12 -40.55 -47.43 -45.51 -44.50 43,00 -42.44 -38.33 -41.26 
45.09 -38.17 -45.22 -42.45 -41.95 -39.74 -40,56 -36.86 -39.05 
55.28 -36.22 -41.65 -39.00 -38.96 -36.44 -37.19 -36.51 -36.71 
65.25 -31.68 -35.53 -33.71 -33.64 -31.64 -32.49 -31.81 -31.98 
75.40 -29.15 —30.66 -30.31 -29.98 -29.65 -28.00 -29.11 -28.92 
85.22 -20.95 -22.37 -21.66 -21.66 -21.64 -20.81 -20.99 -21.15 
95.05 -11.06 -13.12 -12.00 -12.06 -12.08 -11.39 -11.13 -11.53 
107.00 0 0 0 0 0 0 0 0 
Pbu 1.32 1.25 1.33 1.30 1.33 1.23 1.32 1.29 
Pbi 1.61 . .1263 1.65 1.63 1.65 1.62 1.61 1.63 
V 4.46 5.21 5.04 4.90 6.74 10.07 4.99 7.27 
Table 43. Distribution of water pressure head with depth during steady vertically 
downward flow of water through soil columns containing Edina (silty clay, 
Ag and B horizons) of 30 cm thickness overlying Hagener soil (fine sand, 
A horizon) of 92 cm thickness in sorption experiment I. Each water pres­




5-cm Pondina Head 25-cm Pondina Head 
I II III Mean I II III Mean 
0 4.94 4.98 4.98 4.97 25.01 25.01 24.98 25.00 
5.19 6.39 5.38 7.01 6.26 26.16 25.81 25.63 25.87 
15.25 -12.78 -15.11 -13.92 -13.94 0.46 - 0.07 1.92 0.77 
25.12 "39.66 -36.20 -37.16 -37.67 -29.91 -29.06 -31.63 -30.20 
29.56 -52.74 -50.01 -51.12 -51.32 -48.11 -40.59 -48.46 -45.72 
31.15 -53.84 -49.64 -51.39 -51.62 -48.80 -41.56 -49.54 -46.63 
35.28 -52.72 -48.86 -50.82 -50.80 -48.14 -46.77 -48.75 -47.89 
40.05 -52.09 -49.51 -49.88 -50.49 -47.07 -47.36 -48.50 -47.64 
45.04 -51.26 -48.51 -49.02 -49.60 -46.02 -46.07 -48.07 -46.72 
50.04 -48.64 -46.75 -46.88 -47.42 -43.79 -44.06 -45.87 -44.57 
60.09 -45.21 -45.14 -44.44 -44.93 -41.48 -40.47 -43.49 -41.81 
69.81 -41.20 -42.77 -41.19 -41.72 -38.68 -39.23 -40.54 -39.48 
80.11 -35.03 -35.88 -36.39 -35.77 -34.37 -33.87 -35.12 -34.45 
89.95 -30.34 -29,80 -30.93 -30.36 -30.50 -29.25 -30.41 -30.05 
100.07 -21.28 -21.15 -21.22 -21.22 -21.07 -21.83 -21.29 -21.40 
109,90 -11.15 -11.55 -11.79 -11.50 -11.67 -12.54 -11.18 -11.80 
122.00 0 0 0 0 0 0 0 0 
Pbu 1.36 1.26 1.36 1.33 1.36 1.24 1.36 1.32 
Pbl 1.63 1.62 1.63 1.63 1.63 1.63 1.63 1.63 
V 2.01 4.24 1.91 2.72 2.59 6.85 2.17 3.87 
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Table 44. Distribution of water pressure head with depth 
during steady vertically downward flow of water 
through soil columns containing Edina (silty clay, 
Ao and B horizons) of 15 cm thickness overlying 
Clarion soil (sandy clay loam, C horizon) of 62 
cm thickness in sorption experiment I. Each water 
pressure head is expressed in centimeters of water 
and is an average of ten readings 
Depth 
cm 
5-cm Ponding Head 
II Mean 
25-cm Ponding Head 
II Mean 
0 4.99 5.00 5.00 25.02 25.00 25.01 
5.29 3.90 4.27 8.17 22.54 20.37 21.46 
10.20 "17.24 -17.42 -17.33 - 5.52 -12.44 " 8^8 
14.62 -42.88 -44.27 -43.58 -35.99 -43.79 "39.89 
16.07 "45.09 -45.52 -45.31 -38.14 -46.47 "42.31 
20.21 "43.20 -43.16 -43.18 -37.69 -45.07 "41.38 
25.19 -40.65 -39.86 -40.26 -35.42 "42.18 -38.80 
30.12 -36.92 -36.10 -36.51 "34.09 "38.49 "36.29 
35.29 -33.32 -32.23 -32.78 "31.55 "34.74 "33.15 
45.09 -24.48 -24.03 -24.26 "26.34 "26.01 "25.68 
55.19 -15.52 -14.97 -15.25 "16.59 "16.87 "16.73 
65.06 
- 8.20 - 8.23 - 8.22 " 7.69 " 8.02 - 7.86 
77.00 0 0 0 0 0 0 
Pbu 1.30 1.31 1.31 1.26 1.31 1.29 
Pbl 1.44 1.44 1.44 1.40 1.45 1.43 
V 4.66 4.45 4.56 8.00 5.87 6.94 
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Table 45. Distribution of water pressure head with depth 
during steady vertically downward flow of water 
through soil columns containing Edina (silty clay. 
An and B horizons) of 30 cm thickness overlying 
Clarion soil (sandy clay loam, C horizon) of 62 
cm thickness in sorption experiment I. Each water 
pressure head is expressed in centimeters of water 
and is an average of ten readings 
Depth 5-cm Ponding Head 25-cm Ponding Head 
























































































































Table 46. Distribution of water pressure head with depth 
during steady vertically downward flow of water, 
through soil columns containing Edina (silty clay, 
A2 and B horizons) of 15 cm thickness overlying 
Clarion soil (sandy clay loam, C horizon) of 92 
cm thickness in sorption experiment I. Each water 
pressure head is expressed in centimeters of water 
and is an average of ten readings 
Depth 
cm 
5-cm Ponding Head 25-cm Ponding Head 
I • II Mean I II Mean 
0 4.98 5,01 5.00 25.02 25.01 25.62 
5.08 3.15 4.29 3.72 21.56 22.52 22.04 
10.09 -18.91 -17.70 -18.31 - 9.22 -12.21 -10.72 
14.59 -40.76 -52.83 -46.80 -39.09 -54.34 -46.72 
15.98 -41.31 -54,00 -47.66 -38.38 -54.55 -46.47 
20.16 -41.87 -53.69 -47.78 -40 * 46 -53.70 -47.08 
25.09 -41.36 -52.64 -47.00 -40.32 -52.41 -46.37 
30.23 -40.42 -50.63 -45.52 -40.05 -51.19 -45.62 
35.12 -41.10 -49.61 -45.36 -39.91 -49.43 -44.67 
45.09 -39.52 -46.84 -43.18 -36.96 -45.39 -41.18 
55.28 -36.43 -42.22 -39.33 -33.37 -39.82 -36.60 
65.25 -32.18 -34.96 -33.57 -30.70 -32.63 -31.67 
75.40 -25.21 -25.96 -25.59 -23.68 -24.91 -24.30 
85.22 -16.59 -17.24 -16.92 -15.07 -15.96 -15.56 
95.05 - 8.40 - 7.92 - 8.16 - 6.90 
- 7.67 - 7.29 
L07.00 0 0 0 0 0 0 
Pbu 1.23 1.31 1.27 1.26 1.33 1.30 
Pbl 1.42 1.45 1.44 1.44 1.49 1.47 
V 9.01 5.00 7.01 9.54 5.44 7.49 
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Table 47. Distribution of water pressure head with depth 
during steady vertically downward flow of water 
through soil columns containing Edina (silty clay, 
Ao and B horizons) of 30 cm thickness overlying 
Clarion soil (sandy clay loam, C horizon) of 92 
cm thickness in sorption experiment I. Each water 
pressure head is expressed in centimeters of water 
and an average of ten readings 
Depth 
cm 
5-cm Ponding Head 25-cm Ponding Head 
I II Mean I II Mean 
0 5.03 5.00 5.02 25.03 25.03 25.03 
5.19 5.66 6.08 5.87 24.71 25.76 25.24 
15.25 -12.12 -18.33 -15.23 - 6.15 - 6.36 - 6.26 
25.12 -35.75 -46.00 -40.88 -35.99 -42.92 -39.46 
29.56 -44.99 -60.51 -52.75 -46.60 -61.21 -53.91 
31.15 -43.74 -61.27 -52.51 -45.77 -61.25 -53.51 
35.28 -43.81 -60.53 -52.17 -46.12 -59.62 -52.87 
40.05 -43.06 -59.20 -51.13 -46.30 -58.51 -52.41 
45.04 -41.61 -57.71 -49.66 -47.55 -56.17 -51.86 
50.04 -39.74 -56.06 -47.90 -46.89 -54.07 -50.48 
60.09 -37.91 -51.85 -44.88 -44.40 -50.82 -47.61 
69.81 -38.49 -46.17 -42.33 -41.42 -45.78 -43.60 
80.11 -36.13 -38.15 -37.14 -34.19 -37.89 -36.04 
89.95 -29.72 -29.07 -29.40 -26.09 -29.17 -27.63 
100.07 -19.95 -19.51 -19.73 -16.08 -19.06 -17.57 
109.90 -10.50 - 9.87 -10.19 - 6.89 - 9.72 - 8.31 
122,00 0 0 0 0 0 0 
Pbu 1.26 1.36 1.31 1.29 1.38 1.34 
Pbl 1.39 1.44 1.42 1.46 1.35 1.41 
V 4.52 2.35 3.44 4.45 2.24 3.35 
Table 48. Distribution of water pressure head with depth during steady vertically 
downward flow of water through soil columns containing Edina (silty clay, 
A2 and B horizons) of 15 cm thickness overlying Ida soil (silt loam, C 
horizon) of 62 cm thickness in sorption experiment I. Each water pres­




5-cm Pondina Head 25-cm Pondina Head 
I II III Mean I II III Mean 
0 5.00 4.97 4.99 4.99 24.97 24.99 25.02 24.99 
5.29 2.96 2.53 5.10 3.53 21.18 22.84 23.06 22.36 
10.20 -12.72 -11.77 -13.00 -12.50 2.81 - 1.76 - 1.11 - 0.02 
14.62 -26.04 -30.19 -34.45 -30.23 -20.53 -28.44 -32.52 -27.16 
16.07 -28.16 -30.61 -34.91 131.23 -21.16 -29.22 -33.96 -28.11 
20.21 -26.23 -28.96 -32.56 -27.25 -19.87 -27.70 -31.98 -26.52 
25.19 -24.27 -26.24 -29.57 -26.69 -18.22 -25.78 -29.25 -24.42 
30.12 -21.88 -23.58 -26.31 -23.92 -16.41 -23.09 -26.36 -21.95 
35.29 -19.01 -20.54 -23.33 -20.96 -14.00 -20.32 -23.27 -19.20 
45.09 -14.31 -15.37 -17.79 -15.82 -10.41 -15.54 -18.17 -14.71 
55.19 - 9.76 -10.01 -12.24 -10.67 - 6.76 -11.12 -12.55 -10.14 
65.06 •• 5.11 - 4.70 - 5.68 - 5.16 - 3.36 - 5.77 - 6.60 - 5.24 
77.00 0 0 0 0 0 0 0 0 
Pbu 1.26 1.28 1.34 1.29 1.26 1.30 1.35 1.30 
Pbl 1.34 1.29 1.29 1.30 1.31 1.30 1.29 1.30 
V 5.79 4.72 3.96 4.82 6.54 5.05 4.25 5.28 
Table 49. Distribution of water pressure head with depth during steady vertically 
downward flow of water through soil columns containing Edina (silty clay, 
Ap and B horizons) of 30 cm thickness overlying Ida soil (silt loam, C 
horizon) of 62 cm thickness in sorption experiment I. Each water pres­




5-cm Ponding Head 
II III Mean 
25-cm Ponding Head 


























































































































































Table 50. Distribution of water pressure head with depth during steady vertically 
downward flow of water through soil columns containing Edina (silty clay, 
A2 and B horizons) of 15 cm thickness overlying Ida soil (silt loam, 
C horizon) of 92 cm thickness in sorption experiment 1. Each water 
pressure head is expressed in centimeters of water and is an average 
of ten readings 
Depth 5-cm Ponding Head 25»cm Ponding Head 
cm I II III Mean I II III Mean 
0 5.00 5.00 5.00 5.00 25.02 25.00 25.01T1 25.01 
5.08 3.62 2.72 2.83 3.06 23.70 22.13 22.69 22.84 
10.09 -13.26 -18.36 -22.43 -18.02 - 0.91 •10.05 - 3.06 - 4.67 
14.59 -35.32 •39.90 -50.06 -41.76 -31.31 -41.80 -41.21 •38.11 
15.98 -36.05 -40.35 -50.40 -42.27 •32.15 -42.80 -41.76 •38.90 
20.16 -34.51 -38.72 • 48,41 -40.55 -30.30 -41.08 -40.37 -37.25 
25.09 -32.78 -36.93 -45.92 -38.54 -28.76 -38.97 -38.39 -35.37 
30.23 -30.83 -34.70 -42.88 -36.14 -26.99 -36.53 -36.30 -33.27 
35.12 -28.80 -32.24 -39.96 -33.67 •25.55 •34.03 -33.51 -31.03 
45.09 -24.97 -27.53 -34.59 -29.03 -22.65 •28.72 -28.69 -26.69 
55.28 -21.08 -24.01 -29.20 -24.76 -19.35 •24.45 -23.53 -22.44 
65.25 -16.80 -18.73 -23.73 -19.75 -15.92 -19.96 -19.29 -18.39 
75.40 -12.48 -14.44 -18.29 -15.07 -12.51 -15.20 •14.87 -14.19 
85.22 - 8.73 - 9.19 -12.20 -10.04 - 8.42 -10.10 -10.56 - 9.69 
95.05 - 3.95 - 4.83 - 6.31 - 5.03 - 4.14 - 5.23 - 5.52 - 4.96 
107.00 0 0 0 0 0 0 0 0 
Pbu 1.26 1.27 1.33 1.29 1.28 1.30 1.34 1..31 
Pbl 1.29 1.31 1.30 1.30 1.32 1.29 1.31 1.31 
V 6.73 5,72 4.68 5.71 6.78 5.72 5.50 6.00 
Table 51. Distribution of water pressure head with depth during steady vertically 
downward flow of water through soil columns containing Edina (silty clay, 
A2 and B horizons) of 30 cm thickness overlying Ida soil (silt loam, 
C horizon) of 92 cm thickness in sorption experiment I. Each water 
pressure head is expressed in centimeters of water and is an average 
of ten readings 
Depth 5-cm Ponding Head 25-cm Ponding Head 
cm I II III Mean I II III Mean 
0 4.96 4.99 4.99 4.98 25.00 24.99 25.00 25.00 
5.19 5.52 6.02 6.46 6.00 23.95 23.70 25.65 24.43 
15.25 -15.70 -17.80 -19.89 -17.80 - 8.62 - 1.59 - 9.29 - 6.50 
25.12 -40.26 -44.89 -50.05 -45.07 -38.19 -30,34 -47.22 -38.58 
29.56 -53.66 -59.63 -67.33 -60.21 -52.03 -43.16 -63.22 -52.80 
31.15 -54.88 -60.07 -67.77 -60.91 -53.65 -44.43 -64.96 -54.35 
35.28 -52.88 -57.78 -64.99 -58.55 Tt51.27 -42.49 -62.06 -51.94 
40.05 -50.17 -54.95 -61.71 -55.61 -48.87 -40.83 -59.17 -49.62 
45.04 -47.40 -51.44 -58.23 -52.36 -46,20 -38.37 -55.57 -46.71 
50.04 -44.57 -48.44 -54.57 -49.16 -43.29 -35.80 -52.12 -43.74 
60.09 -38.51 -41.96 -47.24 -42.835 -31.88 •S3). 55 -45.30 -38.24 
69.81 -32.77 -35.12 -39.78 -35.89 -32.29 -27.55 -38.56 -32.80 
80.11 -26.38 -28.30 -31.52 -28.73 -26.00 -22.18 -30.60 -26.26 
89.95 -19.98 -21.41 -24.48 -21.96 -20.19 '-16.98 -23.57 -20.25 
100.07 -13.51 -14.63 -16.82 -14.99 -13.42 -11.57 -15.72 -13.57 
109.90 - 7.17 - 7.66 - 8.86 - 7.90 - 7.29 - 6.07 - 8.70 - 7.35 
122.00 0 0 0 0 0 0 0 0 
Pbu 1.22 1.32 1.38 1.31 1.30 1.30 1.39 1.33 
Pbl 1.29 1.30 1.31 1.30 1.32 1.32 1.32 1.32 
V 3.87 3.21 2.08 3.05 3.97 4.99 2.61 3.86 
348 
Table 52. Distribution of water pressure head with depth 
during steady vertically downward flow of water 
through soil columns containing Edina (silty clay, 
A2 and B horizons) of 15 cm thickness in the upper 
and Hagener soil (fine sand, A horizon) of 92 cm 
in the lower layer in sorption experiment II._ Each 
water pressure head is expressed in centimeters of 
Depth 
cm 
5-cm Ponding Head 25-cm Ponding Head 
I II Mean I II Mean 
0 5.00 4.99 5.00 25.04 25.02 25.03 
5.08 4.39 4.46 4.43 21.29 24.33 22.81 
10.09 -13.10 -15.97 -14.54 - 9.98 4.17 - 2.91 
14.59 -42.65 -48.71 -45.68 -45.80 -38.53 -42.17 
15.98 -43.77 -49.14 -46.46 -47.38 -40.15 -43.77 
20.16 -42.98 -48.26 -45.62 -46.35 -39.54 -42.95 
25.09 -42.46 -47.82 -45.14 -45.75 -39.43 -42.59 
30.23 -41.47 -47.16 -44.32 -44.94 -38.91 -41.93 
35.12 -40.55 -45.51 -43.03 -43.00 -38.33 -40.67 
45.04 -38.17 -44.45 -40.32 -39.74 -36.86 -38.30 
55.28 -36.22 -39.00 -37.61 -36.44 -36.51 -36.48 
65.25 -31.68 -33.71 -32.70 -31.64 -31.81 -31.73 
75.40 -29.15 -30.13 -28.64 -29.65 -29.11 -29.38 
85.22 -20.95 -21.66 -21.31 -21.64 -20.99 -21.32 
95.05 -11.06 -12.00 -11.53 -12.08 -11.13 -11.61 
107.00 0 0 0 0 0 0 
Pbu 1.32 1.33 1.33 1.33 1.32 1.33 
Pbl 1.62 1.65 1.63 1.65 1.61 1.63 
V 4.46 5.04 4.75 6.47 4.99 5.75 
349 
Table 53. Distribution of water pressure head with depth 
during steady vertically downward flow of water 
through soil columns containing Edina-sand (loam) 
of 15 cm thickness overlying Hagener soil (fine 
sand) A horizon) of 92 cm thickness in sorption 
experiment II. Each water pressure head is ex-
pressed in centimeters of water and is an average 
of ten readings 
Depth 5-cm Ponding Head 25~cm Ponding Head 
























































































































Table 54. Distribution of water pressure head with depth 
during steady vertically downward flow of water 
through soil columns containing Clarion soil 
(sandy clay loam, C horizon) of 15 cm thickness 
overlying Hagener soil (fine sand, A horizon) of 
92 cm thickness in sorption experiment II. Each 
water pressure head is expressed in centimeters 
of water and is an average of ten readings 
Depth 
cm 
5-cm Pondina Head 25-cm Pondina Head 
I II Mean I II Mean 
0 5.04 5.00 5.02 25.00 24.96 24.98 
5.19 1.17 2.56 1.87 - 1.88 - 0.73 - 1.31 
10.21 - 6.44 - 4.89 - 5.67 -12.29 - 8.80 -10.55 
14.80 -17.95 -20.18 -19.07 -16.31 -16.32 -16.32 
16.21 -18.75 -21.01 -19.88 -22.26 -19.11 -20.68 
20.23 -18.63 -21.14 -19.89 -21.82 -19.70 -20.76 
25.11 -18.94 -20.38 -19.66 -22.05 -19.11 -20.58 
30.26 -18.72 -19.55 -19.14 -21.75 -18.68 -20.22 
39.96 -17.98 -19.46 -18.72 -19.71 -17.97 -18.84 
55.44 -18.59 -19.85 -19.22 -18.64 -16.71 -17.68 
75.30 -16.51 -21.44 -18.97 -15.11 -15.39 -15.25 
85.26 -16•04 -18.61 -17.33 -14.39 -16.51 -15.45 
95.18 - 9.84 - 9.95 - 9.90 - 9.25 - 9.17 - 9.21 
07.00 0 0 0 0 0 0 
Pbu 1.49 1.50 1.50 1.49 1.50 1.50 
Pbl 1.62 1.62 1.62 1.62 1.62 1.62 
V 80.92 60.70 70.82 124.77 110.86 117.82 
Table 55. Distribution of water pressure head with depth 
during steady vertically downward flow of water 
through soil columns containing Edina (silty 
clay) A2 and B horizons] of 15 cm thickness 
overlying Hagener soil (fine sand, A horizon) 
of 122 cm thickness in sorption experiment II. 
Each water pressure head is expressed in centi­
meters of water and is an average of ten readings 
5-cm Ponding Head 25»cm Ponding Head 







































































































































Table 56. Distribution of water pressure head with depth 
during steady vertically downward flow of water 
through soil columns containing Edina-sand (loam) 
of 15 cm thickness overlying Hagener soil (fine 
sand, A horizon) of 122 cm thickness in sorption 
experiment II. Each water pressure head is ex­
pressed in centimeters of water and is an average 
of ten readings 
ORO 
5"cm Ponding Head 25-cm Ponding Head 








































































































































Table 57. Distribution of water pressure head with depth 
during steady vertically downward flow of water 
through soil columns containing Clarion soil 
(sandy clay loam, C horizon) of 15 cm thickness 
overlying Hagener soil (fine sand, A horizon) of 
122 cm thickness in sorption experiment II. Each 
water pressure head is expressed in centimeters 
of water and is an average of ten readings 
5-cm Ponding Head 25-cm Ponding Head 







































































































































Table 58. Distribution of water pressure head with depth 
during steady vertically downward flow of water 
through soil columns having a ponding head of 5 
cm of water and containing Edina (silty clay, Ag 
and B horizons) of 15 cm thickness overlying 
Hagener soil (fine sand, A horizon) of 105.5 cm 
thickness for outflow pressures of 105 and 45 cm 
of water in the desorption experiment. Each water 
pressure hëad is expressed in centimeters of water 
and is an average of ten readings 
105-cm Outflow Pressure 45-cm Outflow Pressure 

























































































































Table 59. Distribution of water pressure head with depth 
during steady vertically downward flow of water 
through soil columns having a ponding head of 
5 cm of water and containing Edina (silty clay, 
A2 and B horizons) of 15 cm thickness overlying 
Hagener soil (fine sand, A horizon) of 105.5 cm 
thickness for outflow pressures of 15 and 0 cm 
of water in the desorption experiment. Each 
water pressure head is expressed in centimeters 
of water and is an average of five readings 
15-cm Outflow Pressure 0-cm Outflow Pressure 

























































































































Table 60. Distribution of water pressure head with depth 
during steady vertically downward flow of water 
through soil columns having a ponding head of 5 
cm of water and containing Edina (silty clay, Ag 
and B horizons) of 15 cm thickness overlying 
Clarion soil (sandy clay loam, C horizon] of 105.5 
cm thickness for outflow pressures of 105 and 45 
cm of water in the desorption experiment. Each 
water pressure head is expressed in centimeters 
of water and is an average of ten readings 
Depth 
cm 
105-cm Outflow Pressure 45-cm Outflow Pressure 
I II Mean I II Mean 
0 5.00 4.97 4.99 4.97 5.00 4.99 
5.03 8.55 8.78 8.67 4.64 5.08 4.86 
9.97 9.66 9.28 9.47 - 3.94 - 4.69 - 4.32 
16.00 11.35 9*84 10.60 -16.19 -23.56 -19.88 
20.00 15.08 13.31 14.20 -13.66 -21.81 -17.74 
25.07 19.60 17.90 18.75 -10.59 -18.69 -14.64 
30.09 24.27 22.43 23.35 - 7.09 -15.58 -11.34 
40.15 33.39 31.67 32.53 - 0.27 - 8.78 - 4.53 
50.18 42.76 40.73 41.75 6.20 - 2.39 1.91 
60.12 51.70 50.01 50.86 12.15 4.68 8.42 
70.23 61.04 59.45 60.25 19.16 12.33 15.75 
80.29 70.14 68.73 69.44 25.35 19.39 22.37 
90.24 78.74 77.91 78.33 30.21 25.79 28.00 
100.21 87.48 86.88 87.18 35.02 31.30 33.16 
110.31 96.59 96.06 96.33 40.42 38.16 39.29 
120.50 105.35 105.35 105.35 45.10 45.06 45.08 
V 1.10 1.04 1.07 4.62 4.45 4.54 
Table 61, Distribution of water pressure head with depth 
during steady vertically downward flow of water 
through soil columns having a ponding head of 5 
cm of water and containing Edina (silty clay, Ag 
and B horizons) of 15 cm thickness overlying 
Clarion soil (sandy clay loam, C horizon) of 
105.5 cm thickness for outflow pressures e£ 15 
and 0 cm of water in the desorption experiment. 
Each water pressure head is expressed in centi­
meters of water and is an average of five readings 
15»cm Outflow Pressure 0-cm Outflow Pressure 

























































































































Table 62. Distribution of bulk density (g cm" ) with depth 
in the soil columns containing Edina (silty clay 
loam, A2 and B horizons) of 15 cm thickness over­
lying Hagener (fine sand, A horizon) or Clarion 
(sandy clay loam, C horizon) soil of 105.5 cm 
thickness in the desorption experiment 
Depth Clarion C in lower laver Hagener A in lower layer 
cm 1 II Mean I II Mean 
2.5 1.261 1.289 1.275 1.313 1.243 1.278 
7.5 1.334 1.347 1.341 1.355 1.352 1.354 
12.5 1.330 1,366 1.348 1.355 1.342 1.349 
17.5 1.481 1.521 1.501 1.631 1.646 1.639 
22.5 1.494 1.512 1.503 1.610 1.614 1.612 
27.5 1.481 1.509 1.495 1.613 1.608 1.611 
35 1.465 1.478 1.472 1.616 1.620 1.618 
45 1.500 1.503 1.502 1.604 1.611 1.608 
55 1.522 1.484 1.503 1.628 1.614 1.621 
65 1.509 1.487 1.498 1.636 1.620 1.628 
75 1.494 1.493 1.494 1.616 1.614 1.615 
85 1.491 1.487 1.489 1.619 1.614 1,617 
— 95 1.481 1.493 1.487 1.610 1.614 1.612 
105 1.459 1.478 1.469 1.604 1.611 1.608 
115 1.481 1.487 1.484 1.581 1.602 1.592 
oc,o 
Table 63, Distribution of water content (per cent by weight) 
with depth in soil columns containing Edina (silty 
clay, A2 and B horizons) of 15 cm thickness over­
lying Hagener (fine sand, A horizon) or Clarion 
(sandy clay loam, C horizon) soil of 105.5 tm 
thickness with a depth of ponding head of 5 cm 
of water and an outflow pressure of 0 cm of water 
in the desorption experiment 
Depth Clarion C in lower laver Hagener A in lower laver 
cm I II Mean I II Mean 
2.5 37,31 41.42 39.37 35.92 38.60 37.26 
7.5 34.73 31.94 33.34 34.17 35.10 34.64 
12.5 31.94 29.94 30.44 32.57 32.90 32.74 
17.5 29.58 28.07 28.83 10.23 10.93 10.58 
22.5 29.33 28.27 28.80 10.77 10.36 10.57 
27.5 29.58 28.29 29.94 9.55 10.39 9.97 
35 29.89 28.85 29.37 10.32 10.32 10.32 
45 28.51 27.68 28.10 9.60 10.37 9.99 
55 27.41 28.74 28.08 11.30 10.36 10.83 
65 27.63 28.68 28.16 12.50 11.88 12.19 
75 28.62 30.00 29.31 21.40 22.86 22.13 
85 29.39 29.40 29.40 22.05 23.54 22.80 
95 29.58 27.85 28.72 24.90 24.89 24.90 
105 30.00 29.57 29.79 24.99 24.94 24.97 
115 30.30 30.82 30.56 30.00 26.42 28.21 
Table 64. The unsaturated hydraulic conductivity of Hagener soil (fine sand, A 
horizon) at various water contents and negative water pressures 
Column 1 Column II 
Water pressure Water content Hydraulic Water pressure Water content Hydraulic 
cm of water per cent by conductivity cm of water per cent by conductivity 









































































































Table 65. The unsaturated hydraulic conductivity of Clarion soil (sandy clay loam, 
C horizon) at various water contents and negative water pressures 
Column I Column II 
Water pressure Water content Hydraulic Water pressure Water content Hydraulic 
cm of water per cent by conductivity cm of water per cent by conductivity 
weight rm hT*l /~tn kv.""! weight cm hr 
Sorption 
- 4,94 34.50 0.5314 - 4.86 34.50 0.4743 
-14.69 30.50 5.0650 -14,39 30.50 1.8717 
-24,29 28.20 1,7692 -33.53 26.20 0.8197 
-33.61 26.20 1.2675 -41,84 24.70 0.6154 
-42.16 24.60 0.7113 -48.30 23.70 0.1938 
-49.01 23.60 0.2355 -52.45 23.20 0.1379 
-53.96 23.00 0.1685 -55.12 22.80 0.1609 
-56.89 22.70 0.1461 -57,34 22.60 0.1276 
•58,46 22.50 0.1396 -59,07 22.40 0.1216 
-59.87 22.35 0.1358 -60.44 22.30 0.1168 
-60.90 22.25 0.1282 
Desorption 
- 1.49 30.30 0.3708 - 2.99 30.82 0.5389 
- 4.59 30.00 6.3944 - 7.52 29.57 0.5533 
- 7.92 29.58 0.4034 -12.82 27.85 0.4920 
-10.94 29.39 e.3638 -17.85 29.40 0,4890 
-14.61 28.62 0.4893 -23.16 30.00 0.5548 
-19.49 27,63 0.5515 -29.41 28.68 0.7711 
-24.09 27.41 0.4490 -35.67 28.74 0.5703 
-28.61 28.51 0.5252 -40.74 27.68 0.4402 
-33.45 29.89 0.5086 -45.23 28.85 0.4448 
•37.02 29.58 0.5205 -48.45 28.29 0.3988 
-39.25 29.33 0.4388 -50.22 28.27 0.3598 
-40.89 29.58 0.3586 -51.28 28.07 0.2743 
